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ABSTRACT

Analytical studies have been made concerning many of the problems
associated with the expansion of extremely high temperature and pres-
sure plasmas through the converging section of a hypersonic wind tunnel
nozzle. The problems in this study relate to the establishmenti of heat
fluxes to the nozzle wall; methods of removing the heat load or protect-
ing the nozzle wall; determining the stress levels in the nozzle liner;
analysing various materials for strength and thermal properties.

I1. all cases parametric studies have been made resulting in design
criteria which can be used for specific conditions. The conditions are
established from the performance envelope for a typical low density
hypersonic wind tunnel. Throughout the report the performance envelope
is plotted on stagnation pressure and temperature coordinates which cor-
respond to free stream velocities and altitudes up to 25 kilofeet/sec and
350 kilofeet respectively. Ultimate use of the information will depend
upon the reliability of the assumptions made which in many cases must
be determined by new experiments.
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I. INTRODUCTION

Analytical studies have been made concerning many of the problems
associated with the expansion of extremely high temperature and pressure
plasmas through the converging section of a hypersonic wind tunnel nozzle.
The problems in this study relate to the establishment of heat fluxes to
the nozzle wall; methods of removing the heat load or protecting the nozzle
wall; determining the stress levels in the nozzle liner; analysing various
materials for strength and thermal properties.

in all cases parametric studies have been made resulting in design
criteria which can be used for specific conditions. The conditions are
established from the performance envelope for a typical low density hyper-
sonic wind tunnel. Throughout the report the performance envelope is plotted
on stagnation pressure and temperature coordinates which correspond to free
stream velocities and altitudes up to 25 kilofeet/sec and 350 kilofeet
respectively. Ultimate use of the information will depend upon the relia-
bility of the assumptions made which in many cases must be determined by
new experiments. For example, curves of heat flux for a laminar boundary
layer and for a turbulent boundary layer are shown - each excluding a
portion of the phase envelope. |If it is assumed, and further verified
experimentally, that the boundary layer is laminar, the heat flux from a
large percentage of the phase envelope can be handled. However, there is
no known published experimental information on the transition in converging
sections to assist in checking the reliability of an assumed boundary layer,
Thus, the heat flux from both types of boundary layers is included in the
report.

The problems in this report have been investigated and reported by
various investigators associated with the contract. Specifically, Dr.
Stevens has made the analysis on film and transpiration cooling, and on
heat flux for laminar and turbulent boundary layers; Mr. Roland has made
the analysis on structural design, materials, and backside coolant flow
conditions; Professor Mott is investigating the problems of transition from
laminar to turbulent boundary layer; Dr. Pasqua has studied the radiation
heat flux exchange between the plasma and the nozzle walls; Mr. Robinson
has made the analysis on a new configuration - a sharp edged nozzle.

Il. HEAT FLUX FOR LAMINAR AND TURBULENT BOUNDARY LAYERS

when backside cooling of the nozzle liner is considered, the amount
of energy that can be removed by the coolant is limited by the backside
heat transfer coefficient. The limiting energy removed by backside cool-
ing is approximately 50 Btu/in“sec. Therefore, in order to maintain the
integrity of the sozzle liner, the heat flux into the liner must not exceed
some critical value. The energy addition to the liner depends upon many
factors and is controllied by the type of boundary layer between the plasma
and the wall, A ltaminar boundary layer is preferred over the turbulent
boundary layer as a lower heat flux exists for the former when the same
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free stream and wall conditions exist.

Several analyses have been made for heat transfer assuming a laminar
boundary layer ( 1, 4, 15 )*. However, they do not include all of the
effects encountered in the present investigation. The following analysis
Is made to establish the heat transfer coefficient for a laminar boundary
layer on a flat plate considering the effects of compressibility, high
temperatures, and variable fluid properties in the boundary layer. This
flat plate model will provide a good estimate of the average heat flux in
the converging section If evaluated using flow conditions that exist at
the throat of the nozzle. The flat plate model also serves as the basis
for an incremental calculation of the laminar heat transfer coefficients
along the converging section of the nozzle. Briefly, the nozzle is divided
into a series of flat plates each subjected to the local fluid properties
of the nozzle. The flat plate equation adjusted for variable free-stream
conditions is used to calculate the variation of the heat transfer coefficient
across each of the intervals.

Flat Plote Model
Consider the following sketch and definitions:

density

velocity ]
temperature —
specific enthalpy

specific heat
viscosity — & 1 L
thermal conductivity d |

hydrodynamic boundary | l, T . _J_
layer thickness

thermal boundary layer
thickness (d, <o)

| T T T I | S L I 1§

S Sehprgey

Subscripts:
w = wall
@w = adiabatic wall
S = free stream

The integral momentum equation for a flat plate with constant free
stream velocity is:

0 )
L L
;‘f!/"s-")”fv’v-jé[f’“’v = 7;*1/3!{
/

#Underl ined numbers in parentheses refer to similar numbers in the
bibliography.



which can be reduced to

R AL g 4] 5

Define a new variable # such that

J ,.td
t =7 "
L 4
. [ L d
v -5
J'P s
= -—-J .. IJ.' G/ =
) ‘[n y 1 y

dy .du dr . dy) . ) B
;‘f ‘;i{d?,z‘-:{)w 4

Therefore, the integral momentum equation becomes

d,
e 4 Z[[5)4 Y G

2 'w
Assume a velocity profile of the form

Y . o+by *Cz‘*ezl
“%
3

at %7 =0, u-o-s%q‘ , & a@scao

st 7 =d, ;%-/: 57*32' /.bafa-eJ;s

[P L

<

-
2

+hys bs 3 ; er-_L
24, 243

=0 = b+3¢2‘ o-b+3¢J,"
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The velocity profile becomes

#
4 =3F)-7()

Substituting equations ( 2 ) and ( 3 ) into ( | ) gives

.29_ “JJ s_‘.’. _N)/(J- U‘

280 J &x
or
ddof = /40 4o A o2
3 4 g
% %
d = 464(R) [Awx

The integral esnergy equation for the same model is

A « £ 4« gy =
z/,.,_t/»,mdyﬁ S[24% 9= 8.

Introduce the variable 2 and express

Zw = A, 5/;2-) -~ A ‘i‘r)

wo’y

Also for reasonably low wall temperatures

L = CT omljl_r) 'c'-‘-,i; gé_‘)w

Then
4 a
b [i.gor-pud (i « L 78\ i
ReZ 4 Ttp4g (A8 ooe = () S)

4

(2

(3

(4
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where

S (a<d f dr <4 )

Rearranging

Cis-i)% ///-;:j: Sox (L) i)

(5)
Assume an enthalpy profile as
A-dw a,'.«b'? reptr ey’
/‘:'X-w
at
?I'OJJ':: - OHJ/L:/L‘,VJ'.: C;a,so
"
also
07‘,(:-41/(::,(': a"‘lid—;.so ..?-4 o/y.d;
which leads to
. 3
AAw 3 _ 4/
As-Aw 2 4 2(4) (6 )
di) . B (xg-dw) o B (Ls-L\,)
where ;’l—"o 2 ? ’d.,
= 4

Thus, using equations ( 2 ) and ( 6 )
4 k8
/'/_- A- a‘w u d? ~ 3
A Ag-tw [ Uy °

The integral energy equation becomes

Corddpy 2 (48 2

L**
EIRY
\
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and can be reduced to
3 Y . f

U /fd o 'IE) a2 Ay (B )agosw 7)

(59 2 +255%8) =] Zi/ﬁf)}‘:;,—' (
Substituting equation ( 4 ) for J; into equation ( 7 ) gives

3 2

4/R ¢x5 dF7 .

LE(RL[F+ 125 =7

where

‘3}%, z f%ﬁf:ii)n/

then

Y4
;. /026(//3)"’ [/- ({:)] (8)

X, = unheated starting section

.

Define a heat transfer coefficient such that

.= Hilhde) « oo (B) )

or

Azsg;_%('_:’z) (9)

Substitute equations ( 4 ) and ( 8 ) into equation ( 9 ), assuming x, = 0,
gives

%, % -
hi = ©0.332 'z‘;: /E)w’(fc)w/' x” (10)

6
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where

Pe)y = Luth X
o

R)w = 7AM -

The heat transfer coefficient from equation ( 10 ) is used to determine
the heat flux for low free stream velocities by

2., Aildy-kiw) (1)

however, at high free stream velocities, it can be shown that

g, = hi(“aw-Lin) (12)
where | | , %
Aow s hs v G Yo = (R) (13)
297

Eckert suggests that better correlation with experimental data is obtained
if the fluid properties are evaluated at a reference enthalpy

'0 . .
A = O.S'(/.'_,a/,'w) ’ O.ZZ(,L.W -As) (&)

Equation ( 10 ) was developed assuming the following conditions or
restrictions for the flat plate:

1) laminar boundary layer

2) constant free stream conditions

3) variable fluid properties in the boundary layer
4) constant wall temperature along the flat plate.

This mode! may be translated to a nozzle in order to calculate an
average heat transfer coefficient for the convergent section by assuming
that the free stream conditions of the flat plate model are equivalent to
the nozzle throat conditions. The converging section of the nozzle in the
following sketch and the flat plate model at x = x¢ are assumed equiva-
lent,
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-
Y%
[ ]
".
&%, %,
A, 5
o
P
—T,
A
. »
:’;'ﬁ’. C/h/of'm /ﬁov
£ At
7;.7;" Shreem Condtioms
Flot plote mode/ X
Pem®
e
Y SN SN SRS Suniy S S sy S g I?T—'ﬂ_fv—m_rﬁ—r,ﬂ_,ﬁ_
- X wee N
I ¢ “

It will be shown later (by comparison with an incremental calcu-
lation) that this flat plate model yieids an average heat transfer coef-
ficient suitable for parametric analyses.

Incremental Technique

The determination of the local heat transfer coefficient in a nozzle
of the type considered in this report is most difficult if approached by
the usual techniques. In contrast, the incremental technique presented
here is basically simple. Many difficult problems (theoretical and
calculational) are circumvented by a direct utilization of accepted flat
plate results.
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The nozzle is represented as a seriss of m incremental flat plates
each of length 4%, . The nozzle free stream conditions are superimposed
on this flat plate model,

Throet
L AX.#_ ax, l 1 i axn, ] 1 1
Sretrorn o / £ ” w/ m

}__.

Let us then assume that the variation in heat transfer coefficient across
an incremental flat plate A%, can be represented as

h”', - h,, * Abﬂ

where Ahn represents the total change in the flat plate heat transfer
coefficient across the 4%, interval. For the general problem, it must be
assumed that variations in the free stream flow parameters Us and B over
ax, will affect ah . It follows that 4 h,can be written as

ah, 'j‘g,‘ﬁ)g,“” . 3_‘2% AY;, *fﬁé)‘,’i a2,

Let h for an incompressible laminar boundary layer (small tempera-
ture differences) be represented by

y /
h= 0332 & (R)"(R)"

Thus
ﬂ’% =- [o_g_sz (e/u]" 7 )ﬂ”‘ 2

% 4
dhy . [g-;_azm)/»/c] (Re), (1)

dfg,"
4 -
P,/’ [4 ”» An
%’b; g[o.azsz(,-) A-Z(P)n(a X,/
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The fluid properties of the boundary layer could be assumed as con-
stant over the entire heat transfer surface (evaluated at some reference
temperature T~ ) or as constant over each particular interval 4%, and
evaluated at some local reference temperature T“r.

This technique requires that the heat transfer coefficient be known
at some position x5 as an initial condition, i.e., the stagnation point
or a sharp edge consideration.

A nozzle subject to the following conditions

T° = LOOO k, T, = 800 k, P° = 34 atm.
d = 1.3, isentropic expansion

was selected for an example problem. (Calculations of the local heat trans-
fer coefficient were made using the incremental technique. Also, estimates
of the average heat transfer coefficient were obtained for several vari-
ations of the flat plate model. Figure | shows a comparison of the results
of these calculations with the predictions of Cohen and Reshotko (_1 ) - the
solution to this problem is given in considerable detail in the Cohen and
Reshotko report.

A good correlation between calculation techniques was achieved for
the sample problem. |t is proposed that nozzle heat transfer coefficients
be calculated by incremental techniques when accurate local values are
required, The precise nozzle geometry and flow conditions are necessary
input data for this calculation. Further, the extremely simple-to-use flat
plate model should provide a good estimate of the average coefficient over
the entire converging section. This calculation is independent of the
throat size so that results can be applied (with some caution) to any of
the considered nozzles for a given flow condition if the result is modified
by the simple (xref/xt)? ratio. A parametric analysis of heat flux for
a Xref = 3" based on the flat plate model is shown in Figure 2 in rela-
tion to the performance envelop.

The magnitude of heat transfer from the plasma main-stream to the
nozzle walls is <trongly influenced by the nature of the boundary layer
which develops along the nozzle wall. A laminar boundary layer will in
effect insulate the nozzle wall from the hot plasma. In contrast, the
transverse fluid motions characteristic of a turbulent boundary layer pro-
motes extreme rates of heat transfer. |t is felt that an accurate estimate
of the heat transfer under turbulent conditions be known since the nature
of the boundary layer cannot be predicated with confidence for all nozzle
configurations, Following usual practice, the rates of turbulent heat
transfer were calculated according to the approximate method of Bartz (_2 ).

The usual approximate method of solution for a turbulent boundary
layer involve considerable calculation complexity - usually requiring an
elaborate computer program. The Bartz (_2 ) approximation equation for
for the heat transfer coefficient was obtained by effecting a numerical
fit of a simple dimensionless equation containing the characteristic para-
meters of the system with the results of the usual approximate boundary
layer calculations

10
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(o]
T, = 4000°R P, = 500 psi
T, = 800°R vy =1,3
Kex

Cohen and Reshotko, NACA 1289, 1956
= —— Incremental] Technique (Stagnation Point Entrance)
=—«.== Incremental Technique (Sharp Edge Entrance)

X q, - h(To = Tw)

0 q,=n(T,, -T)

twlgXt
Prw _—

3
h = 0,332 X¥

q,, Btu /in, 2-sec

Position. x, in,

Fig. 1 Comparison of Laminar Heat Transfer in o Convergent Nozzle

11
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\WI/AN \\\
N\
\ \\ 7

Btu
10 Tz
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Stagnation Pressure, atm
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2 4 6 8 10 12
Stagnation Temperature, %K x 10'3

Fig. 2 Heat Flux to Wall ot 700°K, Laminor Boundary Layer, x ;=3
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, Q8 .0 «,0.9
A‘/ﬁf’ﬁi(‘%(@g)(cﬁf//ﬁ’) 4 (15)
where 0 is a correction factor.

The heat transfer coefficient obtained from equation ( 15 ) is based on

a temperature difference, i.e., q, = h (Taw - Tw). The temperature
difference seriously underestimates the energy available for heat trans-
fer from the disassociated gas. Experience has shown (_3 ) that a heat
transfer coefficient based on an enthalpy difference (otherwise evaluated
in the usual manner) provides a reasonable estimate of the heat transfer
from a gas with disassociation effects present. Following this procedure,
the turbulent heat transfer was calculated by

@2 P (how-hiw) (16)
where /Z. = é /mm E?(I./IO’! (/5) ( |7 )

,i = local plasma enthalpy

The calculation of the turbulent heat transfer was included as a
sub~-routine to the parametric analysis of transpiration and film cooling,
Chapter IV. The results are shown in graphical torm for the three nozzle
sizes under consideration, Figsres 3, 4, and 5. It should be noted that
the practical limit of 50 B/in“sec excludes most of the desired performance
envelope if the boundary layer is turbulent,

13
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Fig. 3 Convective Heat Load (Throot); Turbulent Boundory Layer;
Twall = 700°K D* - 0,042
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Fig. 4 Convective Heat Load (Throot); Turbulent Boundary Layer;

Twe

11 = 700°K D* - 0.272"
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Stagnation Pressure, atm
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Stagnation Temperature, °K x 103

Fig. 5 Convective Heat Load (Throat); Turbulent Boundary Layer;
Twall = 700°%K D* = 0,784 "
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I1l. THERMAL RADIATION

The problems of thermal radiation are more pronounced in the entrance
to the nozzle than in the throat because of higher temperatures and larger
volumes of sases. The analysis for radiation heat flux assumes a particu-
lar mode! involving an emitting and absorbing gas enclosed by black, non-
radiating walls. The assumption of black walls is conservative as there
could be a reduction in absorbed eneryy at the walls If the reflectivity
was high and gas velocity high. However, it is doubtful whether a reflec-
tive surface could be maintained because of contamination. The walls have
been assumed non-radiating because of their relatively low temperatures.

The assumed configuration for the entrance and the converging walls
of the nozzle is one of a sphere as shown in Figure 6.

Sphexrical Volume of Emitting
and Absorbing Gas

Fig. 6 Model for Gas Thermal Radiation Study

The emission of a gray gas of volume V to V + dV, radiating uniformly in
all directions is

e . du Cr'7r'ﬁ;/V’§22ig
7 o

where/z is the mean absorption coefficient, The volume element is ex-
pressed as

v = =77 “sim &b aB oA

17
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Assuming exponential absorption of emitted energy, the amount of energy
per unit solid angle absorbed on the black walls becomes

R -
g - ,z/,_z‘o'r“r"e"“.s‘mda/¢a/ro/w
A
o o

Noting that

“ *.
Z = R +r - 2rRcCosgg

e = %"4 Ccosdb

Cos o = £-rcosg
-4

the energy absorbed per unit wall area becomes
R (R 2recOSD)

-
g=/ ZA—_a—r‘(e—fwsd)/‘S/nd [ d,.a@( 18 )
CRYr™ 201 cosg) 72

¢ o
In order to integrace equation ( 18 ) define

z 2

Az (E’;—rt— 2re cosP)

A=

als

thus .
ZAdA = 2parr Singdg

Sinadde = _Adi_
A re
then
/ )7-%/3) _Aa
g= [ 2aortcR-raasd)RB & /2
7 e

-4

A RYr-p)
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and . .
(R-rcose)= £+ 4 -~
2 24"" 22
/4-
resulting In
/ A‘("ﬂ) N
= RETT ee el _r VoA
g/,,/a Sl P ( T o2est 22)
° Laer-s)
or
,ull»,‘) asrlref) )
/dp pe dl* (,u,az-/.,: c)e a/,z
G‘T‘
AR(1-8) ,«c{/-,s)

Integrating the l variable gives

47-4"/“ Jlg/[ﬁ +/3(/¢]

~ AR p)

_[__ */:(/-,sje

-,uc(/

SR(1¢8) N (19)
—_— /Ze(p-(s)—/ % d1 }
AcR(1-p)

or

_& . Y o8 (20)

aroT*
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Equation ( 20 ) is evaluated for a particular value of 42 by graphically
integrating a Y versus /5 curve. The results of such integrations give

Figure 7.

in order to determine the mean absorption coefficient, information
from Kivel and Bailey (_4 ) is used. They have expressed the intensity of
radiation in wave length 2/ toZ+d2 as

3 v

Z,dv = z/ota*r?jé';)u e o

where

v= LY .o v . A
7

- o J

A

and Jf,,=intensity per unit wave length,

Thus
- 3 -“ 5
Z, = 2/«.4(7'7‘/,%)4/6 =z
or
¢ o 3 k2 v
ZT= 200785 V£ wzo e JSv
;&)/kr)
o
define o0 _b_
3 - er dv
_ Y e
M= = "
Then °
o0 A o
Z-= 2/.40'7/_/5 '_fa) v oe 2 Sy
e AT
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Iintegrating

&
- ” * .5 ) b 3/
Te LEerTUENE) S
( %¥
- «
Z = /-54/&40—7_

Using «
L= €07

the mean absorption coefficient becomes.

/:'—'—__E___—

[ B& L

€
Values of total emissivity per cm, 7~ , are taken from the report
(_L2) and the resulting values of mean absorption coefficient & are
shown in Figure 8 as related to temperature.

Using the information from Figures 7 and 8, and choosing a radius of
1.91 ecm (0.75 in), enabl'=ss one to plot &€ [ Yd8 as a function of
temperature and this is shown in Figure 9, *The heat flux per unit area

g- rr;JE/rc/,g

can now be calculated and the results are shown in Figure 10, The heat
flux information is also shown in Figure 11,

A limiting value of heat flux from this analysis exists when the gas
does not absorb any of the emitted radiation. This situation occurs when
e *2% in equation ( 18 ) is one, i.e., a2s0 (note that & Iis not _
considered zero in the emission process). Using the condition that e~
is one, equation { 18 ) reduces to

_ *
5?:: jg’/co o7 (21)

which is the heat flux per unit area of an emitting and non-absorbing
gas. Results from equation ( 21 ) are shown in Figure 10 which shows that
the heat flux is increased for the non-absorbing gas.

The analysis for thermal radiation heat flux assumes that the con-
vergent walls of the nozzle see a spherical volume of emitting and absorb-
ing gas; the gas exhibits and exponential absorption characteristic; the
amount of energy emitted by the gas Is proportional to the mean absorption
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coefficient of the gas; and that the mean absorption coefficient of the
gas can be determined by iIntegrating the intensity per unit wave length
over all wave lengths, The final results shown in Figure 12 indicate

that radiation contributes an important part to the total heat flux as

the pressure or density increases. The effects of thermal radiation can
be reduced significantly by decreasing the radius of the plenum or stag-
nation region. Since thermal radiation would be the msjor contributor

to the heat flux in the plenum region It becomes a necessity to decrease
the radius of this section to as small a value as possible without effect-
Ing other parameters,

1Y, TRANSPIRATION AND FILM COOLING OF HYPERSONIC NOZZLES

Leminar boundary layer stability considerations may restrict the use
of pure 'backslide'' coolling techniques to a smal! portion of the desired
psrformance envelope. Other coolling techniques - ''transpirstion’ and
"flim" -~ may sllow nozzle operation over a considerably larger portion of
the envelope.

Fiim cooling Is accomplished by Introducing, the coolant at some point
upstream of the critical hest transfer areas. The Joint actions of the
system pressure gradient and the shear stress of the plasma boundary layer
establishes a coolent flim over the surface to be protected. A schematic
111ustrating the basic features of film cooling Is shown In Figure 13. The
magnitude of the ‘apparent'' heat flux may be decreased or Increased over
that with backside cooling slone becauss of the intaractions of the coolant
with the plasma boundary layer. The Influence of this effect upon the heat
losd imposed on the coolant film will be described by a sultably defined
''blockage factor.'' The blockage factor Is defined as the ratio of the con-
vective heat transfer to the flim to that transferred to the wall when
there Is no flim. It may be nacessary to augment fiim coolling with back-
slde cooling to ensure stabliity of the flIm and to achieve a maximum
cooling effect,

Transplration cooling s similar In concept to film coolling except
that the coolant |s Introduced as required along the entire cooled surface,
Figure 14, The energy Is first transferred from the plasma to the porous
nozzle wall and then to the coolant as It flows through the porous wall,
The diffusion out from the wall of the coolant vapor acts to reduce the
magn!tude of the heat flux, Again a blockags factor will be used to quanti-
tatively describe this effect, The nature of the transpliration process
should ensure a large and dependable reduction In heat flux, Backside
cooling will not In general be compatible with transpiration coollng.

The basic mechanisms of fiim and transpiration cooling can be repre-
sented by a single genaralized mode!, The magnitudes of a sultably defined
blockage factor ¥ and a backs!de _cooling heat flux qy can be adjusted to
provide a representation of elther fiim or transpiration coolling adequate
for parametric analyses, The results of the parametric snalyses Indlicate
that both transpiration and flim cooling appear to offer promise of extend-
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ing the envelope of nozzle operation, |t should be noted that an actual
design would require a more precise calculation for its basis.

PARAMETRIC ANALYSES

The flow schematic shown in Figure 15 represents a generalized energy
balance for a differential section of the boundary layer region - either
transpiration or film cooling. The net energy transferred to the coolant
in the differential element is carried off by a dm amount of coolant which
experiences both an enthalpy increase and a change in state. The blockage
factor ¥ is so defined that changes in heat transfer due to coolant dif-
fusion into the plasma and increased coolant requirements because of coolant
loss (directly into plasma stream before experiencing a complete enthalpy
increase as a film coolant) are properly accounted for. Consider an energy
balance on the element of coolant film shown in Figure 15,

dm < [ V4 Ciyhue) « 3, - 8,4 ()

gw'zwc+¢gf (23)

where

/A4 = differential nozzle-surface area

om.: djfferential coolant requirement
hi = local turbulent heat transfer coefficient based
on an enthalpy (plasma) difference
hg = local enthalpy of coolant vapor evaluated at
the local saturation temperature
e = initial coolant enthalpy
- A9 = local stagnation enthalpy {plasma)
Ags = enthalpy (plasma) corresponding to the local
saturation temperature of the coolant
8. = local turbulent convective heat flux (without
film)
@~ = local radiative heat flux
@w = local heat flux removed by backside cooling
Bwc = local heat flux from the film to the wall
@ = transmissivity of the water film
@ - l'apparent'’ local convective heat flux to the filtm

local turbulent convective heat flux to the wall (with-
out film)
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Fig. 15 Energy Balance on Coolont Film
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The total coolant requirement is obtained by integrating equation ( 22 )
over the entire nozzle area

m,. /[s#h,(,cd-,c_,,,)f-g, 3] (24)

hg- hg- he

Equation ( 24 ) was evaluated for various combinations of stagnation
temperatures ( T° ) and stagnation pressures ( P° ) for the three nozzle
sizes under consideration ( D = 0.042, 0,272, 0.784 in.) by use of an
IBM 1620 digital computer. The program includes the calculation of the
plasma flow which is uniquely determined by a T°, P°, D combination for
the assumed isentropic (frozen) expansion through the nozzle. The cool-
ant requirements were calculated as a coolant-flow to plasma-flow ratio.
These results are presented in parametric form in Figures 16 through 27.

It should be noted that results are not shown for system stagnation
pressures in excess of 150 atmospheres. Thermodynamic plasma properties

at higher pressures could not be found in the literature. The calculations
can easily be extended to the higher pressures when the data becomes availa-
ble. The data contained in these figures should be regarded as intermediate
data which require careful interpretation in their use.

The parametric results for pure transpiration cooling ( q, = 0 ) can
be extended to include radiation heat loads and to predict film cooling
requirements by addition of the value of the second integral of equation
(24) to

m = ’vaﬁvns SL-. ” a4
hy- hpe

Again let us simplify the integration (conservatively) by replacing the
local values of gq, and hg by their nozzle throat values and q, by

ap(T° P® D°)

9, (T° P° D°) = upstream radiation load corresponding to the
stagnation temperature T°, stagnatuon pressure P°,
and entrance diameter D°.

Then
e _* & »
mem, o+ [?,(rpo)- 9"] (25)
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The magnitude of q " s not necessarily determined by the avallable back-
side cooling, recalY equation ( 23 )

g“" = gwc. i 8"

4L (conservative approximation)

*

gw = 3»«: * ﬁg’(r.,b.D.) (26)

The permissible values of q;: are restricted to relatively low values
because of the poor wall heat flux convective mechanisms which would exist
in the coolant film. Stronger mechanisms within the film, i.e., turbulent
exchanges, would most likely destroy the fiim. The removal of q,2 by
backside cooling should improve the stability of the coolant film - the
loss of which would certainly result in burnout. Also, under high radiation
loads, q* will comprise primarily fq, which must be removed by backside
cooling (film cooling only) because oF the limited energy convection mecha-
nisms which exist within the film. Without backside cooling, large radi-
ative loads would raise the temperature of the nozzle walls until the film
literally explodes away from the wall with subsequent burnout. It should
be emphasized that transpiraticn cooling can handle all radiative and con-
vective loads without backside cooling within the practical limits of
pumping coolant through the porous walls and the compatibility of the en-
sulng coclant vapor with the plasma.

SUMMARY

The studies to date have demonstrated that either transpiration cool-
ing or film cooling will extend the envelope of nozzle operation. However,
it should be noted that the full extent of the new operating envelopes and
the relative merits of the two concepts have not been fully established.
Many questions are still unanswered - this information would be required
for any nozzle design involving either concept. Problems requiring further
study include:

1) determination of the blockage factors "pémn.,, and ¥fi/m

2) backside cooling requirements using film cooling

3) mechanisms of handling the radiative load

L4) interaction of the coolant vapor and plasma - special design
problems

5) effect of injected coolant on nozzle dimensions

6) determination of the possible "burnout' conditions.
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V. ‘WOZZLE LINER STRESS ANALYSIS
There are three cases of interest in the stress analysis of a nozzle
throat liner, namely, (1) an unrestrained liner (2) a partially restrained
liner (3) a fully restrained liner.

By an unrestrained liner it is meant that the liner is mounted rigidly
at one end to an entrance plenum or an exit expander but Is not restrained
by a sleeve or ribs. It is thus free to expand longitudinally and radially
except for self restraint,

By a partially restrained liner it is meant that the liner is mounted
rigidly at one or both ends and,in addition, it is restrained radially and
possibly longitudinally also, by a surrounding sleeve. |t is coupled to
this sleeve by ribs between the liner and sleeve., The sieeve is thin enough
that it expands some as the liner expands and thus the liner expansion is
only partially restrained.

By 8 fully restrained liner it is meant that the radial and longi-
tudinal expansion of the liner are completely constrained by the ribs,
however, bending of the liner between ribs is possible. In the present
analysis this case may then be studied by increasing the constraint in case
(2) to the limit.

There are two fundamental areas of stress analysis, namely, elastic
and plastic. Until a material is stressed past the yield point it is con-
sidered to follow Hooke's Law (stress proportional to strain), and the analy-
sis for simple geometries is straight forward. Wwhen the yield point is
passed the stresses are redistributed by yielding. The magnitude of the
stress actuvally developed then depends on the stress-strain relationship of
the material past the yield point. The problem, so far as the nozzle throat
liner is concerned, is then one of determining if the yield point will be
exceeded and if it will the number of cycles of operation before failure
must be predicted,

To determine if the material will be stressed past the yield point for
a given set of conditions the elastic analysis must be made. The stresses
thus calculated are compared with some selected yield criterion to determine
If yielding will occur.

For the elastic analysis the geometry was simplified somewhat. Except
for the thrust load the liner and sleeve were considered to be concentric
cylinders separated by a coolant annulus and ribs. The yield criterion
selected was the critical octahedral shear stress ( 5 ).

In cases where the yield point of the material was exceeded the number
of cycles to failure was predicted using the equation developed by Coffin

(6 ):
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/

N €P= Consdant

N = number of thermal cycles to failure
€» = plastic yield, or plastic strain

Censt = constant which varies from 0,25 - 0.75.
ELASTIC ANALYSIS

Case 1 - Unrestrained Liner
A thick walled cylinder is assumed in calculating hcop and thermal

stresses in this analysis. Tne following general formulae for thick walled
cylinders are available:

> . .
Gr= Qpi-bpm L (A-R)a*S

bl._at. ’,l.(bg_,_a.) ( 27 )
U7 = tangential stress due to pressure (at inside or
outside radius depending on choice of ), psi
A = inside radius, inches
&b = outside radius, inches
2. = inside pressure, psi
A = outside pressure, psi
r =(a for o7 = stress at inside radius
b for TF = stress at outside radius
Tor), = XEAT (- 26" /n &) ( 28)
rea Z(I—U)/n-ah b a* e
Orr )., = sSLEAT -20- [, £)
U3r = tangential thermal stress from self-restraint, psi
<t = thermal expansion coefficient, in/in °F
A/ = Poisson's ratio
& = outside radius, inches
@ = inside radius, inches
£ = modulus of elasticity, psi
AT = temperature difference across liner, °F,

Calculations of the airstream pressure variation along the nozzle axis
show that the pressure remains almost constant until a very short distance
from the minimum throat diameter. It then drops rapidly at this point and
continues a gradual decrease in the expanding section. An approximate

47



AEDC-.TDR-.63.58

thrust load on the nozzle may thus be calculated using the stagnation aiv
pressure and the projected liner area in the direction of the axis.

Three end conditions for this case may be considered. In the first,
the nozzle is fastened at the exit end and free to expand thermally at
the entrance. In the second, the nozzle is fastened at the entrance and
free to expand thermally at the exit. 1iIn the third condition, the nozzle
is fastened at both ends and thus does not have free axial expansion.
Since there must be smooth aerodynamic matching of the nozzle with the
following expansion section in a wind tunnel, the second condition may be
eliminated, Considering the third condition, it is noted that in the case
of the smallest throat diameter, since the expansion forces must balance,
there would be very high compressive stresses at the throat. YVhis would
be reduced some by bending, due to the geometry, but this would change the
throast diameter and probably produce buckling at the small throat. For
these reasons only condition one is analyzed,

ANNOMVNANNNRNRRATNRY T
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o
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Fig. 28 Sketch of Liner, Rib, and Sleeve
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(a) Compressive thrust stress at the throat (approximate):

N 2. Y X

P Y (30)
(-7t
A2 = airside pressure
A = coolant pressure
e = plenum inside radius
r7 = throat inside radius
fp = throat outside radius
(b) The hoop stresses are given by:
2 2 . LS =
O;/ = ,1;4-':;.& +\e-5)r;l '7‘ (3')
/ Y Y
';z "'7/ '7/'-('7:‘.— ut)

(Note that subscript 11 refers to position at the inside radius and 12 at
the outside radius; t refers to the airside and b refers to the coolant
side. See Figure 28).

=z hd * T
/, -, -
o:;lz . //‘R' ':z, s -+ l('%"’b)'fl 7e ( 32 )
'7‘ - "7 ’;l (/I‘a."' //t)
,”I 2
letting Z = _4‘.*_"'.:.. (33)
T =1
k5
and 2, = e (34 )
'/.z = n
T
I,
Zy = — (35)
/z T '7/
then Cuy = EA-2Z, Py (36)
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and 0;,z=22_,.b,-a,P, (37)

(c) Thermal stresses due to self-restraint are given by:

Oruy = —2ELT 1-22, /nlr (38)
TN 2(/-4() /n ﬁ].. ( 7 )

T
g';#/z oE AT (/--ZZs /n %:_-_) (39)

Rl1-m)ln lie
vt

(These apply both longitudinally and tangentially).

(d) Radial pressure stresses on the airside and backside are:

O = - Ps ‘ (4o)

Tr: (81)

i
l
o

-
[ 3

The summation of the appropriate stresses from above gives the principle
stresses at the inside and outside of the liner.

(e) The principle tangential stresses are:

Inside radius -

Oo = Ep -22 X &AT™ (=22, /In e L2
pei = = Fe 'P"+z(/-,u) In ( L '7,) (42)
"

Outside radius -

~E AT 7,
Oz = 2BR-ZR* (mem ) ()

2(1-) In O Y
Tt
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(f) The principle longitudinal stresses are:

Inside radius -

T %
a;h,,.-(‘”o)("""") s DELT _ (ze, D) ()

('7:.; - ",',") 2(1=us) In Gs
T

Outside radius -

1 8
-(B-A X% -5") - NELT (1- 22y /n .’L‘!.) (45)
"

Uﬂ.llf-
N - Zis
(7= r*) 2( «“-)/"-7',—

(g) The principle radial stresses are:

Inside radius -

Oren = - R (46 )

Qutside radius

O;mz"" "Pb (47)

The octahedral shear stresses are then calculated using the general
formula:

- S l/"
Toer = 4 [(T-ay+@-GY (-0} ] ()

where 07, 0—;) 0'3' are the principle stresses at the point considered,
Case 2 - Partially Restrained Liner - Longitudinal Ribs

As in Case 1, it is assumed that the liner and the surrounding sleeve
are thick wailed cylinders in this case for restraint by longitudinal ribs.
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for restraint by circumferential ribs it is assumed the liner is a thin
walled cylinder, as the solution for this case was readily available and
the approximation is good except at very small liner diameters.

The same notation is used in this case as in Case 1. When new terms
are introduced they are defined. As in Case 1, the formulae for hoop and

thermal stresses for thick walled cylinders (equations 27, 28, and 29) are
used.

(a) For calculation of liner and sleeve tangential stresses assume
a pseudo-pressure P) between the ribs and the liner and P2 between the
ribs and the sleeve

R A (L2) (50)

22

P2 and P) are thus equivalent uniformly distributed loads. (Subscript 22
refers to the inside of the sleeve).

chﬁg Thy, = 243, T e (5V)
o" J;z - r;-’- ( 52 )
daz Yz
cﬁt = unit strain of outside of liner, in/in
dea= unit strain of inside of sleeve, in/in
Since 8= —%: (53)
Oan = Y& (54 )
c-)-\'l.t r\‘l. E-._
(Subscript | refers to the liner, 2 to the sleeve).
Y
now ra-ther)n  [A-tArrR)n (55)
Tun = Iy Y * T .
Yo =" N =r,
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k8 k5 ™
G; = -——-—(“ + fo - __Y' 56 )
W g P.-2 T +p) (
Tun = Z P - 22, (Pe+P) (57)

in the same manner

Tae = 285, - 2, (R+R) (58)

Since the outside pressure (gauge) on the sleeve is zero

G—;ZL = (rl.s f‘zl ) (Pb P;) ( 59 )

(s

where 77, = outside sleeve radius

- S
P
Letting Z, = /"': ? 2 _ and substituting from equation (50)
AN f;.z‘-
- I
O-Hll. = a:‘(Pb * P/ /‘z.._ ) | ( 60 )

Substituting from equation ( S4 )

.
The ——= = 2, P, + 28, R = (61)

E Cia (XN

Equating OT,.’.S in equations ( 58 ) and ( 59 )

22,B i-(pfp),____'_f'_'-_r) 5 p (62)
= (62)

T Ea

Solving for P

22,7 — P (2 +2, -&)

2 +a £
' “EL

R- (63)
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substituting from equation ( 50 )

Na Y E R
—— —— catelemi—
Pz - z 23 M P‘ - P‘ N (z' * a" &a Vin ( 6‘. )
€
Z, - t‘, -E—.-,:

Substitutions into equations ( 57 ), ( 58 ) and ( 60 ) give o7, , T
Taa respectively,

(b)

The hoop and longitudinal thermal stresses, due to self-restraint,
are:

’

e AT
0';,,,“ =

(,-z 2, /n.f’L

( 65)
2(1=aa) /n Iz ri
2
r
Trup = oo (1-2% /n 2= (66)
2(1~a) In Nix ’
raa

{c) The hoop stresses in (b) above are modified by the force batween
the liner and the ribs caused by the thermal expansion of the liner.

Assum-
ing pseudo-pressures P;, between the ribs and liner and Pg between the
ribs and sleeve

Turn = Ty — 22 Pe (67)
Onriz = Ormiz = 2 P (68)
Taraz v %4 Fs (63)
Qur = net thermal hoop stress
Since
R"l .p‘ _(.;_"- ( 70 )
Yan
Grpay = 24 P On ()

AL
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but
E N
Curzz = Oyre (72)
E|(I-\
Substituting from equations ( 65 ), ( 66 ) and ( 68 )
Trun (—xtx )27, Ey N1 ) = 2P (-rl':-) (73)
E fia ' € V3 Y1
Solving for Py
o
Py = T™IZ (74)

(‘-"a&"%")

L Y

Substituting from equation ( 74 ) into equations ( 67 ), ( 63 )
and ( 71 )

o=
Tyrn = T = 1?;( Ailadl ) (75)
;‘ L ] !" —!-L
Ba
Suriz = Truz <| - < > (76)
Z +32, E.
&
2 Ja
Onrza = Train < L > (77)
P

(d) Beam stresses are calculated from the general formulae:

-

(1) Over a rib

2.

Tp =t “7"(.57) (78)
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Us = bending tensile stress, psi

4P = load per unit ares, ps!

L = distance between supports, inches
¢ = beam depth, inches

(2) Midway between ribs

Jp= + AP/ L
® ” (t) (79)
in this case 4P« £ +7A.  (for liner) (80)

AR = Fo+ P (for slecve) (81)
then inside the liner over a rib

D r N
- P,*p“, r
Tan = (22 ><ﬁ,-m) (82)

D, = distance between ribs, inches

outside the liner over a rib

kN
f+RY D
Tz = - :‘er ) (83)
[}

inside the liner midway between ribs

RrRY ©r =
Jaiz =-( - AT (84 )
12a=%n

outside liner between ribs

T
RemY D
Tairs o "*uX *) ( 85 )
Bi22 < )
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(e) The radial pressure stresses at the inside and outside of the
liner are:

(1) Over a rib, Inside and outside respectively

Tey = — Pr ( 8 )

U%u’-—<ﬁ*a -§:> (87)

r

fL = rib circunferential thickness, inches

(2) Between ribs, inside and outside respectively

Ogiz = — P (88)
Trizz = - P (89)

(f) 1f the liner is constrained longitudinally by the sleeve a
uniform compressive stress will be introduced in the liner. In this case;

S":SL (90)

now S = =, ATm + Tres (91)

OTym = rise in liner mean temperature

é‘-)_ﬁ- —G--;L—-'_._ (92)
E'l—
from a force balance
3 - * ~
(R AL ) Orig = = 7= ) (93)
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Y iatiics ond

from equations (90 ), ( 91 ) and ( 92 )

‘ E,
Ty = = 8T &+ Trp - (9b)

substituting for 0 , from equation ( 93 )

“
iy — Y,
Ty = ==, AT E - Op,, £ (—%.'—-> (95)
El.. V‘s_r“
N
r --n
let 2, . 2T (96)
’;: - R

solving for Gy_, in equation ( 95)

To, = — 44T & ( 97)

/+a_,-£‘z
-

substituting into equation ( 93 )

o, 4T B, ¥

Orig = —= 5 (98)
s+ & £
&,

(g) The principle tangential stresses are:

(1) At the inside radius over a rib
U_PCIH = G—;n + O_u_?u +O—Gll\ ( 99 )
(2) At the outside radius over a rib

O;r.m 2 Taie+ Tz * T2t ( 100)

58



P e ir &

AEDC.TDR-63.58
(3) At the inside radius between ribs
o;t-u'z. = O, "'G:Tn "0-;\”_ (100)
(4) At the outside radius between ribs
Trenr = Tz + Tyrie + T ( 102)
(h) The principle longitudinal stresses are:
(1) At the inside radius
QT;Ln = O3, + ct;w\\ (103)
(2) At the outside radius
Couie = O + Yenyz ( 104 )

(1) The principle radial stresses are given in (e).

Case 2 - Partially Restrained Liner — Circumferential Ribs

The stresses for circumferential ribs were first analyzed using the
pseudo-pressure method used for longitudinal ribs. A more exact analysis
is that of Timoshenko (_§ ) for an infinite cylinder with ciroumferential

restraining bands. This latter analysis was used for the final calculations

and |s presented below. It assumes a thin walled cylinder.

(a) Bending stresses at ribs and midway between ribs must be calcu-
lated. Wwhen a distributed radial force is applied around a line on a
cylinder the resistance to bending is analogous to that of a beam on an
elastic foundation. The differential equation for the deflection of the
strip iIs

4
Djﬂg__fgj (105 )
x“
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1 t’
where D= ) the flexural rigidity of the wall, Ib/in
12(\V=
(106 )
? - wall thickness, inches
r = cylinder mean radius, inches
Y = deflection from initial position, inches
X = distance along a line in the surface parallel
to the axis of the cylinder, inches
Dafining
7 Yo
Ba(&é) =(3—3A" ( 107 )
4Dr* rte¢~
the general solution of equation ( 105 ) is
Bx \ - 8x
3.—.-. e (/mszi-C.uh 8r |+ (edasBz+Fs,'nBz) (108)

A, C, E, and F are constants to be determined from known deflections,
slopes, etc. at various values of x.

For the case of a single concentrated load P 1b. acting at x = 0 on
a beam of unit width and thickness t inches (part of the cylinder of
radius r),

Y= par* e:m(c‘o.s/sz+.s/» Bx )

10
2& ¢ (109)
- Bx .
M = — P e (5/n/3'x—C05’51) (110)
<8

where M = bending moment (1b in )

Now

GB=I—4L-‘—’Z (1)
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thus

B
Jz= *+ 3P e Sm BRx - cos Bx
s : 5 (sm ) (12)

(when x = 0 the quantity in brackets is negative, so the positive sign
gives the stress at the outside of the cylinder),

Since the general differential equation is linear the bending moment
for multiple loads may be calculated by the principle of superposition,
and thus, the stresses may be calculated by superposition. it is necessary
to take only a few loads to get the approximate result for an infinite
beam, as the terms become essentially negligible after 8, == 7.0.

The general solution for the bending stresses may now be written as
an Infinite series using equation ( 112 )

& - -al
Os) = *t_3_ Z Re (s..aw.l-cﬂrm.l)] (113)
X210 2 8¢

The terms for negative n are the loads and their distances on one side
of the point chosen as x = 0 for the stress calculation. The terms for
positive n are the loads and distances on the other side. Fovr n = 0,

x =0, Po is the !sad at x = 0, The absolute value signs apply to «x
since it can be shown from the general equation, equation ( 108 ), that
the contribution from a load P, at a distance x| on one side of x = 0
is the same in sign and magnitude as that of the same load at the same
distance on the other side of x = 0.

The deflection may also be written as an infinite series using the
same notation

a©

'Y -8l .
(j: i’_ Z[Pnc (.5/») 8/x./ + cos B/*A/)7 ( 1s)
Y14 -

Nz~

Equation ( 114 ) is used to calculate the force P at each rib.

First assume all the ribs are the same, so P, = Const. = P. Then

@

] = B/%a/ .
7: PQ/‘ Z (4 (51’) 8/xn/ v Cos G/X./) (115)
&8¢

Nz -co
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The radial expansion of the liner due to pressure and incresse in mean
temperature (unrestrained) Is

Are (B-BIr* , pu a7, ( 116 )

Ee

A rib with cross sectional area A, and modulus of elasticity E, s
Increased in radius by a force P (I1b/Inch of clrcumference) an amount

Pr*
ar = 11
A y (n7)

Then the deflection of the cylinder is

= (B-R)r” re 87m - _Pr=
7 =& ” 7 E. (18}

Using equations ( 115 ) and ( 118 ), and letting E, =€,

;.;-N"J 2 LN
f_ﬂ'i_ e (s;nuu.l«-com\x.l) = (E:_Pi’_n\-fdtn-;.’: (119)
2€t E¢ r €,

N =00

solving for P

-

€ ¢
[3"1' - 8%l . -
S/n Blxal + cos AW + L.
26 ¢ ﬁc (= ] Ap€,

Px (120 )

N -00

Multiplying numerator and denominator in equation ( 120 ) by -—E’L‘g—

y- 3 X 48Tm £ ¢
- (2-8)+ =
_zg Z [e:r!l'tal( s Blx,l + Cos 6/1,{2] + _s.;

Nle -0

(121)

62



AEDC-TDR-63-58

fFor the case of P = Const.

®  -olx)
Je =t 3P e (3mBlral - Cos Bh..l) (122)
28t

Ne~o®

Since P |s calculated at a rib, with constant distances between
ribs (d|) equation ( 121 ) may be written

o 4Ty E ¢
P= (’3-@)»‘ — (123)
-n8
éizf-L » S e” QQ(ZSLh»nlagg * cuzsdlngﬁjzu--lf
2 = .
Equation ( 122 ) may be written, for the bending stresses at a rib
i} & sy
U-B—”I = 2P; —/1"2 Zc (JlnnﬁJJ- CO&hGé)} ( IZ" )
2 8¢ e
Te121 = = Tmu (125)

for bending stresses midway between ribs

e _(23)34,

Tany = 22 { 2y e (Bin(zge)oy- cos(t':g')e-,/j} (126 )

2Bt
Ne o

Taizg =~ G;n'a. (127)

(b) Hoop stresses under and between the ribs are calculated using

the deflection equation ( 115 ). The general hoop stress formula for a
thin walled cylinder is:

A‘G«w
r &

(128)
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$O

CK:»:“ A('%')

(129 )

Now A is the deflection of the cylindrical surface. When the pressure
difference ( Pt = Py ) and the rise in mean temperature A Ty occur the

deflection is

W™
A, - (B-R)r |, rear,

and the hoop stress is

<n;r = (’5;:%)1‘

The ribs cause a deflection inward of

R. : *
Ay = BRIV | pesr,. Pr
e A€,
and a stress of
- =-M_rdar,..t;+ pr
L4 f A’

The net hoop stress under the ribs is thus

Tow = L - readTn g
A

”

The deflection caused by the ribs between ribs is

@ (M)

E S
Oezm 220 ) & [on(at)ey » cosfig)as, ]

neo
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[

The net hoop stress between ribs is thus

) o (W)ee_ .
ot (Qf‘i)r _ P:r' Ze [5,,,(:%/)4{‘ - Cos(ﬂ_%tl)‘ﬁj (136)

nee

{¢) The thermal stresses due to self-restraint are, for a thin wall,
both circumferentially and longitudinally

- X AT E,
= 137)
™ 2C ) (

{(d) The radial! pressure stresses are:

(1) Inside radius under a rib

= — P
e 2 (138)
(2) Outside radius under a rib
0;|1| - -2 (139)
(o
t, = rib thickness, inches
(3) Inside radius between ribs
Oenz = - %2 ( 140)
(4) Outside radius between ribs

(e) The calculation of longitudinal stresses from the thrust load
with circumferential ribs is not so straight forward. In the case of no
restraint the entire thrust is taken by the liner. In the case of longi-
tudinal ribs essentially all the thrust is taken by the sleeve through
the ribs. In the case of circumferential ribs the thrust component of the
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pressure which will be taken by the ribs depends on the number, thickness,
radial width, end constraint, and angle of the ribs. |f the ribs are
placed at all points perpendicular to the liner they will take the thrust
load largely in compression, but if they are placed perpendicular to the
flow axis they will take the thrust load mainly in bending.

it was at first proposed that the ribs be placed perpendicular to
the liner but difficulties in fabrication and assembly led to the con-
clusion the ribs should be placed perpendicular to the flow axis if
circumferential ribs were used. This causes a problem in determining the
distribution of the thrust between the tensile (or compressive) stresses
in the liner and the bending stresses in the ribs.

for a model to use to approximate these stresses, assume a contour
as shown below in cross-section

Section n
Section 1 Section 2
// I Dummy
1 Section 1
/)
7 F
i
) °y
911
e

Fig. 29 Sketch of Nozzle with Ribs Perpendicular to Flow of Gas
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A force balance may be made on the ith section. Forces to the right
are taken as positive.

On Rh Sin®: - i[O w; & os(Gig@ier)- wit, ws(B5E=) (w2 )

P‘.
A;
;‘-
W,
f‘.

pressure difference, air minus coolant, psi
area, inches

rib restraining force, pound
liner circumference at position of U , inches
liner thickness at position of O; , inches

(Note that the pressure force on the expansion end is negative). Since
the rib is a circular plate fixed in the liner and sleeve, in the exact

analysis of the relationship between force and displacement, one obtains
the equation

3
F= -————‘5;5:; (143)

where

rib displacement

rib modulus of elasticity

rib thickness

outside radius of rib

Inside radius of rib

some function of (% ) given in Table 1.

Aovptho
[ BRI I I I ]

This same result may be closely approximated by an analytical ex-
pression based on a simple beam analysis. Treating the rib as a beam of
length (a - b) and width 277/~

J-’ F(d-b)s

ZﬂFﬁ'E (184

2rrd € é,’ "
(a-5)3 ( 145)

Setting equations ( 143 ) and ( 145 ) equal gives
3
(a-6)

K = 146

’ 2mFal ( )
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The expressions for K) for several definitions of r are given below:
r K,
a [(8) 28+ 300)-1] 2 me)’
b [(8)-Y8)5(8)-]/2m8)"

2zt [18)"- #8)7- 7355 yn-(g )
ot [/~§ﬁ%)fz(e)+fV”/§)

Some values of K,, as given by Timoshenko { 5 ) and as calculated from
the above express!ons are tabulated below:

TABLE |
THE FUNCTION K

r a 1.10 1.25 1.50 2.0 3.0 4.0 5.0

b
a Ky .000120 .00127 .0059 .0198 .047 ,067 .082
b Kj—— .000132 .00159  ,0088 .0396 L) .268 .408
a ; b K)— .000132 .00142  ,0071 .0265 .071 107 .136

a-b K .000125 00141 .0072 .0275  .078 .122 .16k
in a/b
Table Ky ,00129 .0064 .0237 .062 .092 14

These values show that the best choice for ¢ is the mean radius. They
also show that this choice should give forces which are within ~10% of
those obtained from equation ( 143 ) for _g_ < 1.25. Equation ( 145 )
was used with r = a +&b ; b for this analysis.
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Equation ( 142 ) may now be written
3
P‘.”‘. 5"’ 6‘. a ”(c,'fb.‘){l' £ (}; " 07\‘\/‘ !‘" (05 6 'y -2 'I)

(a;-5)" (147 )
e q:l “lt‘-l t‘: s _‘;L;;‘;.‘L)
Let C; = /’?ﬂ‘ Sin S (148 )
3
G"" 7’/&'*6{)5 'ff‘. ( “‘9 )
" 2
(a"-b")'
Sc v+ &,

On w ¥ Co:(_-‘; : ') (150)

The general equation for the force balance is now
Cg" G‘.‘J}* OCO::- Dc'-/o::/ (151)

In order to solve these equations d must be expressed in terms of O
or vice versa. In general Hooke's Law is

7 (152)
E 3
U
€ 2 modulus of elasticity, psi
0" = stress, psi
4 = strain, Inches
A = length, inches

th
If d; is the smount the i  segment has elongated due to tensile
stresses

(07* 0“-':, )'!c

d =
(: ZE (153)
The axial movement is then
a-(" o a-':“ 3
x; x LT %)L, (156 )

2& Cos &;
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Stresses in the liner and rib displacements may be related using equation
( 154 ). The average stress in a section is taken as the mean of the
stresses at the ends. Ribs removed from a fixed end must yield the total
elongation in the axial direction of all sections between that rib and the
fixed end, plus one-half the elongation of their own section, thus

J:n-/
= __/_(a:f a:-l‘lt‘ - (SZ" G;i-‘"_) “1."' ( 155 )
2 2 /ecose; 2 ECoseM
Jsl

This equation holds for all except the section numbered n where

= L T _4n 6
dn ( 3 75““0 (156)

When these equations are substituted into equation ( 151 ) a series of
(n=-1) equations in n unknowns is obtained, The ''extra'' unknown is
the stress at the exit end,

The ''extra' stress, T, , must be picked to satisfy the condition
that the integrated displacement over the length of the liner is zero,
that is, the ends are fixed. This is done as follows:

(1) The end stress O, is arbitrarily specified, together with
the other stresses, and equation ( 151 ) solved by relaxation of

residuals. This gives a value of T , and J'z is calculated from
equation ( 155 ).

(2) The fixed exit end condition requires that

ﬁO’\ 1 _
z 2( / &£cose o (157)

Letting the calculated value of the left side of this equation be

¥= 4, (2T L, (158 )

E cos @,

(3) 1f ¥ >0 the liner extends too far in the direction of
flow, and to shorten it J; must be more compressive so O, must be
reduced., |If ¥<O , 07 must be increased. ¥ may be made as close
to O as desired by changing T in the proper direction and repeating
the calculation in (1),
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Calculations were made for a representative liner configuration with
8 Mo-Ti liner and ~ 200 atm. entrance air pressure. The liner had
20 ribs .025 inches thick and spaced .25 inches apart along the axis.
Results are given in Table {I. The computer progrem used for the calcu-
lations was written in Fortran |1 language and is included in Appendix A.
The calculations were made on an IBM 1620 Digital Computer.

(f) If the liner in this case is fixed at the ends, compressive
longitudinal stresses will be developed. For restraint by the sleeve only
these will be the same as in Case |, Part (f), thus

o, 4T, E,
Op, = - = (159)

(r+ 2 fEi )

and
«, AT, E, Bs

= ( 160 )
Trea, (r+ 2 %E-)
(g) The principle tangential stresses for this case are:

(1) At the inside radius over & rib

Opeur = T ~ F7u (161)
(2) At the outside radius over a rib

Opeias = Oy = Tru (162)
(3) At the inside radius between ribs

Openz = Tanz = 7w (163)
(4) At the outside radius between ribs

Tpcize ™ cﬁ:;z + Oru ( 164 )
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TABLE 1l
RESULTS FOR A REPRESENTATIVE LINER CONFIGURATION

Section Assumed Air Diameter Liner Thickness Tensile Stress
Numbe r Pressure (psi) (inches) {inches) (pst)
! 2800 V.32 .03k 200
2 2800 1.24 .033 510
3 ' 2800 1.16 .032 695
4 2800 1.08 .031 895
5 2300 1.00 .030 1,220
6 1400 .92 .029 990
7 1300 .84 .028 625
8 1200 .76 .028 hs
9 1100 .68 .027 - 300
10 1000 .60 .026 - ko
11 900 ' .52 .025 - 4oo
12 800 Lk .024 - 2,540
13 700 .36 .023 - 4,700
1 600 .28 .022 - 8,220
15 500 L2h .025 - 7,940
16 Loo .60 .028 - 4,100
17 300 1.04 .031 - 2,100
13 200 1.41 .033 10,475
19 100 1.50 .034 8,185

20 5 1.50 .035 7.930
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(h) The principle longitudinal stresses for this case are:

(1) At the inside radius over a rib

O;L\\\ - O:mn* O - O * Tany ' ( 165 )

(2) At the outside radius over a rib

Touzy = Try * O+ Opy * 0;;;: ( 166 )

THRUST
(3) At the inside radius between ribs

Oorz = Orumosr + Gry =S + 075",_ (167 )

(4) At the outside radius between ribs

(0 a.

PLize ™ “rumurr ¥ G:u LR rsn.z ( 168 )

Note: The ribs cause a small additional bending stress which is neglected
here.

(i) The radial principle stresses are given in (d).

Cose 3 — Fully Restrained Liner

This is the case of real interest in the present analysis as sample
calculations of Case 2 show that unless the sleeve is made thinner than
the liner little is gained stresswise.

This case is calculated from the equations developed in Case 2 (Longi-
tudinal Ribs) by letting the outside radius of the sleeve be much larger
than the inside radius, thus, using a very thick slieeve. In Case 2 -

(Circumferential Ribs) this case is calculated by assuming a very large
rib cross-sectional area.

Since a large number of variables were involved these equations were
programmed in Fortran (| language for the IBM 1620 Digital Computer. This
program is attached and described in Appendix A.
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CONCLUSIONS

Parametric stress studies and coolant flow considerations show that
longitudinal ribs offer the best possibilities for backside cooling. |f
circumferential ribs are placed perpendicular to the flow axlis high bend-
ing stresses are introduced in the ribs and liner due to the thrust load.
The problem of getting proper coolant flow at each section is also compli-
cated and causes design and fabrication difficulties,

The maximum design pressure is 500 atmospheres in the entrance tube.
This would produce a pressure of approximately 250 atmospheres at the
throat. C.lcul’tlons were made using these pressures and assuming a heat
load of 60 8/in ses for a Mo-Ti-Zr liner. A backside cooling coefficient
of 150,000 B/hr ft® °F was assumed. The bulk coolant temperature was
assumed to be 85°F. A heavy sleeve was used and the liner thickness varied,
The results of these calculations are presented graphically on pages 75
through 78. Some properties of Mo-Ti-Zr are shown graphically or page 79.

Several observations may be made from these graphs: the critical
octahedral shear stress for yielding, Tecr , is exceeded for all liner
thicknesses and at all four locations for the 1.5 inch diameter entrance
sections; at two positions 7sar |s exceeded for the 0.78 inch diameter
throat; the octahedral shear stresses for the 0.27 inch diameter throat
may be made < T _ i\ ical DY making the liner thickness = 10 mils; the
octahedral shear stresses for the 0.042 inch throat are< 7. .itical for
a liner thickness < 14 mils. (It should be noted that although the curves
are not plotted below 10 mils liner thickness, all the octahedral shears
approach infinity as the liner thickness approaches 0. An optimum thick-
ness for the liner may be picked from the curves to minimize the plastic
strain, and for this thickness the mean longitudinal compressive stress,
which is the maximum mean stress, may be found. These values are:

Liner Diameter Liner Thickness Rib Spacing Mean Longitudinal
{Inches) (Inches) (1nches) Stress (psi)
1.50 .034 . 226 -65,000
.784 .018 .120 -52,000
.272 .012 .059 -47,000
.0b2 .006 .01k -40,000

The mean longitudinal stress is compressive, and does not exceed the ulti-
mate strength of the liner material for any of the conditions.

A brief calculation may be made to predict the operating cycles before

failure for these nozzles. The maximum principle stress occurs midway
between ribs at the inside of the liner and at the 1.5 inch diameter section.
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Fig. 30 Stress versus Liner Thickness; Diameter = 1,5
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Longitudinal Ribs
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Fig. 31 Stress Versus Liner Thickness; Diameter = 0.78 **
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Fig. 32 Stress versus Liner Thickness; Diameter = 0,27 **
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Longitudinal Ribs

Q =~ 60 Btu/in.? sec
Material = Mo~Ti-Zr
Diameter =~ 0,042 in,
Pressure = 250 atm

Backside Coefficient = 150,000 Btu/ft% hrOf

120 r
100 F_ \Ultimate Strength Of
Mean Temperature
Mean Longitudinal
Compression
? 80 §~
S
x S2M1
SiM1
@
a8 60
0
0
n
5 40 L.
oct.
S2M2
ol -___/SIMI
0 i | | i | |
0 10 20 30 40 50 60

Liner Thickness, mils

| ] J
24 40 55 69
Rib Spacing for Indicated Liner Thickness, mils

Fig. 33 Stress versus Liner Thickness; Diameter = 0.042 -



Strength, psi x 1073

140

120

100

80

60

40

20

AEDC-TDR-63-58

—
Ultimate Strength
-
~ Yield Strength
#
Toct. ' Critical Octahedral
OCt." Shear Stress
] 1 | ] ] |
0 200 400 600 800 1000 1200

Temperature, °F

Fig. 34 Strength versus Temperature for Mo-Ti-Z¢

79



in e sy NS

AEDC.TDR-63-58

The computed value of this stress Is -232,000 psi, which exceeds the yield
strength of the material by ~ 172,000 psi when the inside temperature is

1470°F. The modulus of elasticity at this temperature is 35,000,000 psi.

The plastic strain is thus

A€ ~ 172,000 . 0,00492 in/in
[ 35,000,000

Using an average value of 0.36 for the constant in Coffin's (_6 ) equation

and N = 5000 cycles to failure.

Though not presented graphically in this report, calculations for
Mo=Ti=2Zr liners at lower pressures and hest loads indicate that these same
Viner thickness and rib spacing values are acceptable. Calculations may be
rapidly made for any assumed conditions using the Nozzle Stress Program.

in the actual nozzle design it is proposed that the ribs will terminate
just before reaching the throat as the pressure drops sharply at this point.
This simplifies the nozzle construction and reduces the coolant pressure loss
in the longer expansion section. |t also alleviates the problem of close
rib spacing at the throat of the .042 inch nozzle. The ribs may be termi-
nated when the liner diameter is ~~ .3 inch and a rib spacing of ~ .1 inch,

A sketch of a typical nozzle design is shown on page 81. In this sketch
the ribs are shown attached to the sleeve rather than the liner. This offers
some advantage in so far as construction and longitudinal compressive stresses
are concerned. However, there may be some distortion at the throat and some
heat transfer problems on the backside. It is, therefore, recommended that
the ribs be machined integral with the liner if costs are not prohibitive,

Vi. MATERIALS STUDY

The selection of the best material to use for a nozzle liner for high
pressure-high temperature air must be based on the following considerations:

(a) Ability to stand the imposed stresses, A stress parameter will
include as factors:

(1) Thermal conductivity
(2) Strength at working temperatures
(3) Modulus of elasticity

(4) Thermal expansion coefficient.
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(b) Resistance to oxidation at elevated temperatures. This factor
includes:

(1) Oxidation resistance of the material chosen.
(2) Possibility of protection by coatings.

(¢) Fabricability, which includes:
(1) Machinability.

(2) Joining methods.

STRESS PARAMETER

it is noted that the thermal stress in a structural member across
which there is a temperature difference is directiy proportional to the
temperature difference, the thermal expansion coefficient, and the modulus
of elasticity. For a given heat load the temperature difference is inverse-
ly proportional to the thermal conductivity. A thermal stress parameter
should aiso include the ultimate strength. Thus:

= 16
AR (169 )
A = stress parameter, B/hr ft
& = thermal conductivity, 8
hr ft °F
€ = modulus of elasticity, Ib/in
o = thermal expansion coeffislent, in/in °F
S. = ultimate strength, 1b/in

Figure 36, page 83, shows this parameter plotted vs temperature (°F)
for the following materials: Cu-Be alloy, Cu-Zr alloy, Mo-0.5 Ti-0.07 Zr,
AM 350 steel, modified H-11 steel. It is evident from the curves shown
that above approximately 900°F the Mo-Ti-Zr alloy is a much better material
to use so far as the thermal stresses are concerned and, at the high heat
loads expected in the nozzle, these stresses are dominant.

OXIDATION RESISTANCE

The oxidation rate of pure copper is given by:

W‘s kt
where w = weight of oxide formed in grams/cm2
¢ = time in seconds
k= function of temperature in °F
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Some values of k are (_7):

k x 10'0
Temp. °F Pure 0 Air
750 . Obb -
950 .Lko -
1100 3. 24 -
1300 16.0 8.03

Assuming that the rate in air at the lower temperatures is half that in
pure 0, the penetration in cm/hr is:

%
p (ht)
[~ 2
o

cm/hr of oxidation
function of temperature
time in seconds

density in grams/cm3

W .

L
4
¢
o

;S
8 . Loenssmisens']
moF - 8.96 -

- ¥
/2 > /0 C’H/hr.

1100 F

Even if the oxide is continuously removed the rate of loss is very small
at 1100°F, and the inside temperature of the copper alloys would not exceed
this temperature except at extremely high heat loads ( > 200 B/in® sec).

Oxidation of the copper alloys does not appear to be a large probiem if
they are used.

The Mo-Ti and Mo-Ti~Zr alloys are not as resistant to oxidation as
the Cu alloys, The oxide of Mo is also volatile, so there is no seif pro= -
tection. There are metallic coatings available, however, such as electro-
plated or hot dipped Ni, which will protect Mo in the 1300-1500°F range.
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For protection at much higher temperatures, say 2000-2500°F, a silicide
coating known as Chromalloy W-3 is available. It is thus possible to
provide oxidation protection for Mo and Mo alloys for several hours at
the temperatures of interest.

FABRICABILITY

Fabricability is an important consideration, as the optimum thickness
of the liner at some positions is 10-15 mils. The thrust load requirements
must be met by using ribs on either the liner or the sleeve. |f the ribs
are a part of the liner they must be machined on this surface and thus, the
machinability of the material is very important.

The coppar alloys, including Cu-Be and Cu-2Zr, have a machinability
index of 20 (based on free-cutting brass = 100)., Cu-Be and Cu-2r may both
be joined by soldering and brazing (_8 ).

Molybdenum and its alloys Mo-Ti and Mo-Ti~Zr machine much like cast
iron (8 ). Tungsten carbide tools should be used (_8 ). The machinabili-
ty index is approximately the same as that of the copper alloys.

CONCLUSION
The following observations are made:

(a) 1f the backside cooling technique (forced convection or boiling),
the heat load, and the liner thickness are such that the temperatures at
the inside of a Cu-Be liner remain below 300°F, Cu-Be is the preferred
liner material. Under these conditions it has the largest stress parameter
and does not require oxidation coating.

(b) If the backside cooling technique (forced convection or boiling),
- the heat load, and the liner thickness arc. such that temperatures at the
inside of a Cu-2r liner are between 300°F and 1000°F, and if it is desired
to avoid the added expense, complication, and uncertainty of coating-the
liner, Cu-Zr is attractive.

(d) If the heat loads and backside cooling technique (forced convection
or boiling) are such that the conditions in (1) and (2) are not met, Mo-Ti
or Mo-Ti-Zr are plainly superior.

As the heat load is increased for any given backside cooling tech-
nique, the inside liner temperature rises. Studies of the heat load in
the upper region of the envelope show that with radiation included this
load may easily be several hundred B/in“sec. This would produce inside
surface temperatures of > 800°F using Cu-Be. Since Mo-Ti and Mo-Ti-Zr
have higher stress parameters than Cu-Zr and this advantage increases as
the heat load is increased, it is recommended that Mo-Ti-Zr be used in
order to push as far as possible in the envelope. At lower hzat loads
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and inside temperatures, metallic coatings should be used. At higher
heat loads and temperatures ( ~ 2000°F), Chromalloy W-3 coating should
be used.

Vil. SHARP EDGED NOZZLE

Since the heat transfer rate across a laminar boundary layer is
small compared to the hest transfer rate across a turbulent boundary
layer, it is desirable to design a nozzle in which a laminar boundary
layer exists as far downstream as possible. For this reason, the sharp
edged nozzle shown in Figure 37, is proposed for an analsis. The primary
advantage of this type of nozzle is the short distance of the upstream
air-metal contact relative to a conventional nozzle approach section.

From the above arguments, it is concluded that it will be desirable
to have the radius of curvature of the nozzle as small as possible; there-
fore, it becomes necessary to attain the shape of the sonic line for any
proposed nozzle of this type since this information is required for the
design of the downstream section of the nozzle. Other questions which
need to be answered about the proposed nozzle are: (1) how much water is
carried downstream by the air, (2) does the water jet transport air out
of the main water stream, and, if so, how much, and (3) what influence will
the eddies have on the design of the nozzle? The analysis which has been
accomplished to date is briefly outlined in the following sections.

The first region of analysis was confined to the water air interface,
see Figure 37. Since the water emerges from the jet at a high velocity
( ~ 125 ft per sec), it was assumed that the water velocity was large
relative to the adjacent air velocity. This assumption implies that the
emergent water can be treated as a wall et flowing into a semi-infinite
medium. The Reynolds number of the jet based on the diameter of the inlet
annulus is about 6 x 10 ; therefore, the problem is that of a turbulent
wall jet (with the implicit assumption ot equivalent static pressures in
the air and water streams). Some analytical work and experimental results
were found for wall jets for the case of a fluid emergent into a large
medium which is filled with the same fluid, but no information was found
for the case of dissimilar fluids. Since the static pressure in the two
streams is assumed to be equivalent, it was concluded that the only driv-
ing force to cause mixing would be the momentum flux, and hence, the only
physical properties of significance would be the density and viscosity.
On this basis, it was decided to treat the jet as water emergent into water
and calculate a Reynolds number of the fluid crossing into the jet. This
Reynolds number is based on the component of velocity normal to the jet
axis. Assume that the air ''sucked' into the water jet would be of such
magnitude that it would have an equivalent Reynolds number to that cal-

. culated above.

M. B. Glauert (_9 ) developed an analytical solution for the wall jet
assuming a similarity solution. His results show that the characteristic
jet width is essentially proportional to the distance along the axis
parallel to the jet wall raised to the first power. An experimental in-
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vestigation of a wall jet was carried out by P. Bakke ( 10 ) and inde-
pendently by W. H. Schwarz and W. P. Cosart (_I11 ).

from the above references it was concluded that the jet would spread
at about 3.5°; therefore, the dimension "a' (see Figure 37) is known.
Since ''a'' is chosen to include the water ''spread'', there will be no water
carried into the air stream due to mixing; however, the model chosen re-
quires entrainment of the surrounding fluid into the jet. It should be
observed that the model under analysis neglects diffusion of the water into
the air stream; however, it is felt that the water transported into the air
stream by this mechanism will be small because of the short distance of water
travel in the nozzle.

Referring to Figure 37, it is seen that the length of the water jet
is less than three equivalent diameters; therefore, the velocity profiles
will not be susceptible to a similarity type solution since the similarity
sotution Is valid only at far downstream conditions. Since the entrance
stream is not subject to similarity analysis, the conclusions drawn might
be questioned; however, direct observation of an air jet under analysis at
The University of Tennessee shows that the air wall jet pulls in air (smoke)
from the surrounding medium in the entrance region as well as far down
stream. On this basis, it is felt that the conclusions drawn from a similari-
ty analysis are quantitatively correct. No attempt will be made to use the
similarity velocity profile to attain the quantity of air pulled into the
water jet.

|f eddies are developed in the region near the throat it is possible
that they will change the effective throat geometry; therefore, it would
be difficult, if not impossible, to calculate the shape of the sonic line
(hence design of the downstream section of the nozzle). Since air is being
pulled into the water jet the eddies will be depressed, and conceivably can
be controlled to the point where there are essentially no eddies formed in
the section near the throat. On this basis, it was concluded that the for-
mation of eddies would be of no consequence in the design of the nozzle.

Before considering the preceding probliems in a more rigorous fashion,
it was decided to examine the shape of the sonic line at the throat for
different throat diameters and wall geometries, and then determine what
flow regime exists in the boundary layer.

The determination of the sonic line is not complete, but the equations
to be solved have been developed. The development of the equations to be
used for determining the shape of the sonic line is as follows.

The solution to the potential flow problem in a region near the throat
outlined here follows the procedure described by Oswatitsch and Rothstein

(13).

Use the nomenclature as presented in Figure 38. The equation of con-
tinuity is written as

52(ev9) = -y8 (o) (170)

87



AEDC-TDR.63.58

SR A Sk A

(9105 o4 10N) ajzz0N pebp3 dioys jo yasexg /g *Big

—e= €

7’|

AN LA LUV Y

*sagoui Ul oJe SUOTSUIWIP IV

1
LZ°0

¢

[}
.
’
’
’
L
]
[
’
]
.
’

S

3

L°0

J93eM 3urT100)

Ia31eny 3ur1o0)

88



AEDC.TDR.63-58

Fig. 38 Nomenclature Used Near Throat of Sharp Edged Nozzle
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where u and v are the velocity components in x and y directions,
and

™ 3 [
wss U +V ()

Solve equation ( 170 ) for v by making an approximation forP¢. Take
the value of o¢ to be the stream filament value designated by 4 ¢
The equation of energy can be written as

Jw‘-'*_v—- -E;-_ ¥ P.

2 Y-r P ?-77‘ (172)

where Y is the ratic of .pecific heats and the superscript 0 refers to
stagnation conditions. |n equation ( 172 ) let 7=+ 0 , and define wac
at this condition, then

* °
C= .-3_:!‘_1’_. (173)
Let
1
w B &
e ( 174)
and
! - _e
P - (175)

Since the main flow is assumed to be non-viscous, the flow is isentropic,
j.e.,

¥
-5'('-5) (176 )

Substitute equations ( 173 ) through ( 176 ) Into equation ( 172 ), then
equation ( 172 ) becomes

2 v=-1
@ = i=(p) (177)
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Since equation ( 177 ) is In a simple form the quantities ¢ and p° will
be used to make all velocities and density non-dimensjonal henceforth;
consequently, the primes will be dropped.

The equation of continuity for the stream filament is
>
M s )f 77?% s (178)

where f is as indicated in Figure 38.
Differentiation of equation ( 178 ) yields
’
L dlpa)s-2£ (179 )
(%(/J a’x f
Equation ( 170 ) becomes (using equation ( 179 ) )

l4

D (pvy) = 29p 4 £ ( 180 )
Since there is symmetry about the centerline, v = o at y = o.

Integration of equation ( 180 ) (with _g ~ |/ ) yields
/
va= £ 9 Y (181)
¥
Assume u to be given by,

Ulvy)= 4 42_./,. Qo - (182)

Potential flow (irrotational flow) requires that

oY - Iv 18
dy ox (183)

Using equation ( 181 ), the first two terms of equation ( 182 ), and
carrying out the operations indicated in equation ( 183 ), the result is

~ ’ ,‘ *-
U=, +L (4 ff */f%-%f)f,_ (184 )
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The parameter ¢/ In equation ( 184 ) is attained from the equation of
continulty

f
re -?”/”,090’9 (185)
[ ]
From equation { 171 ) and equation ( 177 )
7 7
pr(r-w) e (1mu=v) (186 )
Define
=
L | S -/
@(UJv,)E u(/-u-v) (187)
then equation ( 185 ) reads as
£
Me arf o(,rt)ydy (188 )
o
Solution of equation ( 188 ) yields
" / /
G-og = L4 fF+ 34 FT) (189 )

Solving equation ( 171 ) for U, and substituting the result into equation
( 184 ) yields

Un tlyo L(hff 2457

, r (190)
+ 4 (G FF Y- “r)4

For the nozzle presented in Figure 38, jf is found to be

[/
feo 28 ., _2[22e _/x Y “ (191)
o o** (_07:)
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Equations ( 190 ) and ( 191 ) have not been solved; however, the solution
of these equations should yield the flow field in the region near the
throat, and in particular, the shape of the sonic line with the radius

of curvature of the nozzle as a parameter. 0" and ug will be specified
by the design criteria,

Vill. BACKSIDE COOLING STUDY

The heat loads on the liner of any proposed nozzle are calculated to
be very high. The heaé load postulated for the stress analysis is
60 B/in%sec or 30 x 10° B/hr ft2. |If only backside cooling without film
or transpiration assistance is used the loads in the upper portion of the
envelope may exceed this value several times. This not only causes problems
in liner materials, temperatures, and stresses, but also in problems with
the removal of the heat at the backside of the liner. Unless a high heat
transfer coefficient on the coolant side can be attained, an excessive
rise in the liner temperature will occur.

It is proposed that water be used as the backside coolant since it is
readily available in sufficient quantities at high pressures. The thermo-
dynamic and heat transfer properties are known and several equations are
available which give a good prediction of the heat transfer coefficient at
various flow conditions. Water boils at fairly low temperatures (at low
pressures) offering the possibility of a high heat transfer coefficient
with a low flow rate and pressure drop.

Two heat transfer modes are of interest using water as the coolant,
namely, forced convection and boiling. Forced convection exists at all
positions along the coolant channel when the static pressure is high enough
to cause the saturation temperature to equal or exceed the liner coolant
surface temperature. Boiling heat transfer exists when the liner surface
temperature is allowed to exceed the saturation temperature of the coolant
by an amount sufficient to cause vaporization of the coolant at spots on
the surface. This is called nucleat~ boiling, and in conjunction with the
forced fluid flow, will be referred to as surface boiling,

FORCED CONVECTION

In order to design the coolant annulus for forced convection cooling,
it is necessary to calculate the static pressure, bulk temperature, surface
temperature, and heat transfer coefficient at each position along the coolant
channel. The inlet pressure, flow rate, and coolant channel geometry must
then be adjusted to assure that the heat will be transferred without caus-
ing the surface temperature to exceed the saturation temperature of the
coolant at_any location. Since the properties of the coolant such as vis-
cosity, Prandti's number, and density are functions of the bulk temperature
and these vary with the flow rate and the heat load distribution along the
channei, a stepwise fluid flow and heat transfer calculation along the
channel is required.
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e e AR

The static pressure distribution is calculated from the general
equation

R ® - 4% - op, (192)

where PR = static pressure at exit of a section, psi
B = static pressure at entrance to a section, psi
4R = loss of pressure due to frictional drag, psi
ap = loss of pressure due to acceleration, psi.

The frictional pressure loss is calculated from the Blasius formula

for fully developed turbulent flow with fluid properties evaluated at the
bulk temperature,

3 ‘*
AR . 000219 8% (Pv )R.

(193)
D, 29,
where 4x = length of channel section, inches
Dy = hydraulic diameter of channel, inches
@ = density of coolant, 1bm/ft
VY = coolant mean velocl&y, ft/sec
Se = 32.2 Ibm ft/1bf sec
R, = Reynolds number
AL = coolant viscosity, Ibm/ft sec.
The dynamic pressure loss, 4P, | is calculated from
2 2
APJ: RV\."RV' ( 194)

29g

The pressure loss due to the sharp bend at the coolant channel entrance
is calculated from the Blasius formula, equation { 193 ), using an equiva-

lent section length in place of Ax . The equivalent section length used
in the present calculations is~ 48 Dn , thus,

4
2 4
AP x o LY ) K,
# ent. 10 2a L, et (195)

The surface heat transfer coefficient is calculated using the Colburn
equation modi fied by evaluating Reynoids number and Prandtl's number at

the film temperatures o2 _§
A - 0023C, GR, A (196 )
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where A= surface heat transfer coefficient, B/hr ftz'F
Co = specific heat of coolant, B/1bm °F
&

= mass flow rate, Ibm/hr ft
Ks = Reynolds number (film)
a& = Prandt)'s number (film).

The bulk temperature along the coolant channel is calculated from
the heat balance equation on each section,

To « 7o v QA (197 )
2 ! 6:.4L C;
where 7ﬁ; = bulk temperature at section exit, °F
7s, = bulk temperature at sect%on entrance, °F
Q = liner heat load, B/hr ft
Ag = liner section surface area, ft?2
& = coolant mass flow rate, lbm/hr 1%
R = coolant channel cross-sectional area, ft2

Cp = coolant specific heat, B/1bm °F.

The calculational procedure is to choose a nozzle geometry, coolant
flow rate, and entrance pressure for a given heat load distribution. The
bulk temperature and static pressure distributions are first calculated
using equations ( 192 ), (193 ), (194 ), (195 ), and ( 197 ). The heat
transfer coefficients are calculated using equation ( 196 ) by successive
approximation from the surface temperature calculation where

Ts= Tg + & (193 )
he

surface temperature, °F

bulk temperature, °F

liner heat load, B/hr ftZ

heat transfer coefficient based on film
temperature, B/hr fe2 °F,

with Ts
s
Q
b

nonouwou

If the surface temperature exceeds the saturation tempzrature by
more than 10 °F at ant section, adjustments are made in entrance pressure,
channel geometry, and flow rate and the calculation repeated until the
desired conditions are achieved.

A general computer program was written for the calculations. It
includes the boiling heat transfer calculations described below, The com-
puter program, entitled Backside Cooling Program, is discussed in Appendix
8.
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BOILING HEAT TRANSFER

The problem with the backside cooling is in obtaining high heat trans-
fer coefficients in order to hold down the liner coolant side surface
temperature. With forced convection cooling extremely high velocities are
required to achieve heat transfer coefficients from 75,000 to 100,000
B/hr ft£ °F. This causes high entrance pressures, large frictional pressure
loss in the coolant channel, large pumping power, etc. With surface boll-
ing, high heat transfer coefficients may be obtained at much lower veloci-
ties and consequently with less pressure loss, pumping power etc. As a
safety feature it should be noted that a small change in flow rate is not
so critical as in forced convection (provided one is not too close to
"burnout'’, which will be discussed below).

The general form of the bolling heat transfer curve for pool boil-
ing can be found in any standard text on heat transfer. In the nucleate
boiling region it is noted that the heat load rises very rapidly with a
small change in ATgy,. , thus, giving a large heat transfer coefficient.

A point is reached called the "burnout' point, or the point of burnout
heat load Qgy . For a condition of constant Q when this heat load is
exceeded, there is a very large increase in ATgee . The hot metal surface
melts or vaporizes at this temperature, and thus, the term burnout point
arises.

Two calcutations are required in the design of a svstem for surface
boiling heat transfer. Calculations must first be made to determine the
surface temperature required to transfer the given heat load at a given
coolant flow rate in a given channel. The burnout heat flux Qg , must
then be checked to see that for these conditions it exceeds the given heat
load.

Since the heat load is essentially fixed by the gas temperature on
the air side of the liner the first calculation reduces to a Adetermination
of the liner surface temperature for a given bulk coolant temper.  .ure,
channel geometry and flow rate. The method of Rohsenow as described by
Kreith ( 16 ) is used for this calculation. The heat flux is separated
into two parts, the convective heat flux, and the boiling heat flux.

Then Qrbto/ » Oconvx;‘vvo + O‘oumg (199 )
Now qcenwﬂ‘wc - bc (7.;- %) ( 200 )
thus Orso,/u;g = OT.-‘./ - he(7:T,) ( 201 )
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In these equations, hc is calculated from equation ( 196 ). Using the

data of McAdams, et al (_17 ) the boiling heat flux may be calculated
using the equation

3.86
Q"’"""‘S - O0.2 ( AT'“*'> B/hr {0" ( 202 )

Then

3.86
Qm.\ : o.z(u;“) + he(T5-Te) ( 203 )

Using the results of the convective heat transfer calculations, T, h,
and To,, are known. Equation ( 203 ) is then solved by trial and error
for Tg, the surface temperature.

Equations for predicting Qg, for various flow conditions do not

show very good agreement. A summary by Kreith (_l& ) of recent correla-
tions gives the following equations:

s "
(nm + 4800 47;“) « ( 204 )

£

1

7000 AT,y ¢ ( 205 )

O
§

[-7% & N

-b
Poo = CGxio m(aT,) ( 206 )

where ATg,= T

o/
&

sat ~ Tb
velocity, ft/sec
mass flow rate, Ibm/ft2 hr

ou

¢ and m are tabulated functions of the static pressure.

Another correlating equation by McGill and Sibbitt ( 18 )for a tube
with L/D = 21 is

028

To show the lack of agreement in the above equations for 0p, assume
for equations ( 204 ) and ( 205 )
ATgyy = 100 °F
¢/ = 20 ft/sec.
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These values are in the range supposedly correlated by equations ( 204 )
and ( 205 ).

From equation ( 204 ):
0go = 2.38 x 10° B/hr £l

From equation ( 205 ):

6

Qg = 3.14 x 10° B/hr fr

o]

From equation { 206 ), using the same values for u and A T, and a
pressure of 500 psia

Qgo = 0.806 x 10° B/hr ft?
From equation ( 207 )
Qo = 4.0 x 16 B/hr f12

The total variation is thus from 800,000 to 4,000,000 B/hr ftz, a factor
of 5.

As another approach, the effects of sub-cooling, velocity, and static
pressure may be considered to be independent and another equation proposed.

Lowering the pool temperature below the saturation temperature increases
Ogo for pool boiling. For degassed distilled water, lowering the pool
temperature to & Tg . = 50°F doubles Qg, and lowering it to AT = J00°F

sub
quadruples Q, . An equation which correlates the dats of M. E. Eli}on (as
given by Krel%g, not taken from original report) is,

'y k]
Qpo = 410 + 600 AT, + B0 AT, ( 208 )

or *
Que * 4uo‘(|+ 0.012§ AT, +©0.0002 ATioe ) (209 )

Equation ( 209 ) is plotted in Figure 39. Ellion also gives data for water
with some detergent added to lower the surface tension, the same type effect
as would be obtained from gas in the water. An equation which correlates
this data well is,

ch . 4::0‘({4- 0.0217 AT, ) (210)
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Equation ( 210 ) is plotted in Figure 39.

Experiments by M. T. Ciechelli and C. F. Bonilla (_19 ) using various
liquids showed that, for pool boiling, increasing the static pressure

increased 0p, up to a pressure of one-third the critical pressure. An

equation which correlates their data well is,
(p p P B .33
= 4xi0 [-|+ 30 ._1‘) - 3s<_1f> :} 211
Bo ( R oy ( )
where pc/p_ = ratio of static to critical pressure. Equation ( 211 )

is plotted Tn Figure 4O,

Combining equations ( 210 ) and ( 211 ) and using /> as a conserva-
tive choice for the velocity dependence gives

1.3 A
Q= 418’ (1+0.02078T,, Y1+ 3e(;:,'; )- 1:(_;’2‘) j 7 (212)

This equation is plotted for three values of pg and four values of u in
Figures L1, 42, and 43. For the values u =20, pg = 500, and A Tgyb = 100

as used in previous calculations, this equation gives

Qgy = 4 x 107 (1 +2.17) (1 + 4.63 - 2.64) (2.71)

o

10.4 x 100 B/hr ft2

or Qo

Though this value is considerably higher than the highest value previously
calculated from these conditions there is some indication it might be
achieved. Equation ( 205 ) was propoged by Guniher (20 ), and for these
flow conditions gave Q. = 3.14 x 10 B/hr ft“. In his article Gunther
noted that unpublished ggta by McKenney for a tube with .012' walls gave
burnout limits ''well above' those predicted by equation ( 205 ). This was
attributed to the increased heat capacity of a heavier tube which handled
transients better. Since the nozzle liner will have a minimum thickness of
approximately .012" it is possible that equation ( 212 ) gives a better
prediction of 0Og, than those cited.

Since equation ( 212 ) is unproved and there is a large scatter in Qo

predictions, using suggested equations, several values of Qg are calcu-
lated in the computer study so a comparison may be made.
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Fig. 39 Comparison of Burnout Heat Flux Equations

100



e g o TR PR ROPE IR -t

Burnout Heat Flux, Btu/hr £t2 x 1075

16

14

ot
N

(]
(=]

AEDC.TDR-63-38

Equation (211)

0.2 0.4 0.6 0.8
P
S
)2

C

Fig. 40 Burnout Heat Flux versus Pressure Ratio
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Fig. 41 Comparison of Burnout Heat Flux Equations
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Fig. 42 Plot of Equation (212); Pressure = 100 psia
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CONCLUSIONS

Studies of the backside cooling were made using the computer program,
The results of three cases of particular interest are shown on pages 147
through 155. The nozzle used for the studies had an entrance diameter of
1.5 inches, a 46 degree converging section, a .25 inch diameter throat and
a 7.5 degree diverging section. The heat load distribution assumed is
given under Q in the input data.

Since subcooling and veloclity of the coolant both affect the boiling
burnout heat load, a flow rate of 20 Ibs/sec gave good results for the
cas s with boiling. A flow rate of 25 Ibs/sec was used for the third case
whe.. boiling was not allowed.

The first case presented shows the conditions necessary to achieve
approximately the required boiling burnout heat load with equation ( 212)
used for 0Og,. These are summarized as follows:

Coolant Flow Rate = 20 lbm/sec
Coolant Annulus Area = 0.35 in
Coolant Velocity = 133 ft/sec
Maximum Surface Temperature = U89 °F
Surface Coefficient = 76,000 B/hr ft2 °f,

2

The second case presented shows the conditions necessary to achieve
the required boiling burnout heat load with equation ( 205 ) used for 0p,.
These are summarized as follows:

Coolant Flow Rate = 20 1bm/sec

Coolant Annulus Area = 0.200 in

Coolant Velocity = 232 ft/sec

Maximum Surface Temperature = 498 °F 2
Surface Coefficient = 75,000 8/hr ft™ °F,

The third case presented shows the conditions necessary to achieve
forced convection heat transfer at all sections. These are summarized as
follows:

Coolant Flow Rate = 25 Ibm/sec
Coolant Annulus Area = 0.160 in

Coolant Velocity = 363 ft/sec
Maximum Surface Temperature = U478 °F
Surface Coefficient = 78,000 B/hr ft2 °f,

Several conclusions may be drawn from these calculations based on the
heat load and coolant used:

(1) The maximum heat transfer coefficient obtainable whije satis-
fying the burnout requirements is ~v 80,000 B/hr ft“°F,

(2) No sppreciable reduction in surface temperature may be obtained
by boiling as compared with high velocity forced convection.
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(3) The required inlet pressure to prevent boiling is ~ 1620 psja
at a flow rate of 25 Ibm/sec and a cooling ennulus of 0.16 In“,

(4) The required inlet pressure with boiling is ~~ 325 psia, and
little is gained by using equation ( 212 ) rather than equation
( 205 ) for the burnout calculation,

(5) There is room for doubt that this heat load may be transferred
by boiling without burnout, dus to the fact that equation ( 204 )
predicts burnout in all cases calculated where boiling is allowed.

it is, therefore, recommended that provisions be made to supply the
coolant water at sufficient pressure to prevent surface bolling and the
coolant annulus be designed for high velocity, high pressure, forced con-
vection heat transfer,
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NOZZLE STRESS PROGRAM

This computer program is written In the Fortran || language. It
accepts dats which describe the liner, rib, and slesve as to dimensions,
configuration, materials, heat load, etc. |t then calculates the princi-
ple stresses, octahedral shear stresses, etc. as described in the Output
section below. The equations used for the calculations are given in the
Stress Analysis discussion under Case | and Case 2.

INPUT DATA

First Card

The first data card is a title card with up to forty-nine alphabetic
or numeric characters to identify the case being studied.

Second Card

The second data card gives, according to FORMAT (El12.1, El2.1, El2.1,
E12.1, El2.1, E12.1) the following data in order:

PT - The airside pressure at the th;oat, psi.

Q - The liner heat load, Btu/hr ft€.

D11- The liner inside diameter, inches,

DS - Liner inside diameter at nozzle inlet, inches,
0C - Coolant annulus width, radially, inches.

TCOOL - Coolant bulk temperature, °F,

Third Cord

The third data card gives, according to FORMAT (E12.1, E12.1, El2.1,
EV2.1, EI12.1, EV12.1) the following data in order:

Cl - Liner thermal conductivity at temperature T1!, B/hr ft °F.
C2 - Liner thermal conductivity at temperature T12, B/hr ft °F.
€3 - Liner thermal conductivity at temperature T13, B/hr ft °F.
Al - Liner thermal expansion coefficient at temperature Tl11, in/in °F,
A2 - Liner thermal expansion coefficient at temperature T12, in/in °F.
A3 - Liner thermal expansion coefficient at temperature T13, in/in °F.

Fourth Card

The fourth data card gives, according to FORMAT (EV2.1, E12,1, El2.1,
€EV12.1, E12,1, EV2,1) the following data in order:

El - Liner modulus of elasticity at temperature Til, psi.
E2 - Liner modulus of elasticity at temperature T12, psi.
E3 - Liner modulus of elasticity at temperature T13, psi.
U - Poisson's ratio for the liner.

€S - Sleeve modulus of elasticity, psi.

ER - Rib modulus of elasticity, psi.
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Fifth Cord

The fifth data card gives, according to FORMAT (El12.), E12.), El2.1,
E12.1, €12.1, E12.1) the following data in order:

HT - The limiting liner high temperature, °F.
HW - The coolant-liner heat transfer coefficient, B/hr 2 °F.
Til- First material property reference temperature, °F.
Ti2- Second material property reference temperature, °F.
T13- Third material property reference temperature, °F.
TYPE-A number from 1-6 inclusive which specifies the configuration
for which calculations are wanted. These are as follows:
1.0 = circumferential ribs only
longitudinal ribs only
unrestrained liner and circumferential ribs
unrestrained liner and longitudinal ribs
unrestralned only
unrestrained, longitudinal ribs and circumferential ribs.

[= NNl Nao
LI I I

Sixth Card

The sixth data card gives, according to FORMAT (El2.1, EI2.1, El2.1,
E12.1, E12.1) the following data in order:

TR - Rib thickness, inches.

DL - Distance between circumferential ribs, inches.

AR - Cross-sectional area of circumferential ribs, inches.

THK- Stepwise increase in thickness of liner for calculations, inches.
T10- Starting thickness of liner for calculations, inches.

Seventh Card

The seventh card gives, according to FORMAT (E12.1, E12.1) the follow-
ing data in order:

DR - Distance between longitudinal ribs, inches.
ST - Liner thrust stress for circumferential ribs, psi.

PROGRAM OPERATION

The program operates automatically using the above input data for each
case,

Starting with a liner thickness given by T10 this thickness is increased
in seven steps by the amount THK. The sleeve thickness is constant at 1.0
inches, as the configurations with ribs will be fully restrained.

For each liner thickness the calculations for stresses are made for
zero coolant pressure and then for coolant pressure equal to air pressure.
Other pressure values may be used by altering statement number 49, |f the
equal pressure case is not desired the program is run with SENSE SWITCH 2 ON.
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The program is so written that if the limiting high liner temperature
HT is exceeded at the inside surface the maximum possible liner thickness
which does not cause an over temperature is calculated and used for the
last thickness.

To speed up the running of the program for cases which do not involve
circumferential ribs it is run with SENSE SWITCH 3 ON, This by-passes the
summing operations necessary for circumferential ribs.

OUTPUT

Unrestrained Nozzle:

PB - Coolant pressure, psi.

TlI - Liner thickness, inches.

TI - Liner inside surface temperature, °F.

T8 - Liner outside surface temperature, °F.

SPCI-Principle circumferential stress, inside surface, psi.
SPC2-Principle circumferential stress, outside surface, psi.
SPLI-Principle longitudinal stress, inside surface, psi.
SPL2-Principle longitudinal stress, outside surface, psi.
SIM -Octahedral shear stress, inside surface, psi.

S24 -Octahedral shear stress, outside surface, psi.

Longitudinal Rib Nozzle:

PB - Coolant pressure, psi.

T2 - Sleeve thickness,

Tl - Liner thickness, inches.

Ti - Liner inside surface temperature, °F.
T8 - Liner outside surface temperature, °F.
DR - Distance between ribs, inches.

SIPCI1-Principle circumferential stress, inside surface over rib, psi.
SIPC2-Principle circumferential stress, outside surface over rib, psi.
S2PCl-Principle circumferential stress, inside surface between ribs, psi.
S2PC2-Principle circumferential stress, outside surface between ribs, pse.
SPLI- Principle longitudinal stress, inside surface, psi.

SPL2- Principle longitudinal stress, outside surface, psi.

SRI2- Pressure between liner and rib, psi.

$5C22-Sleeve bending stress (negligible), psi.

SLS - Sleeve longitudinal stress (negligible), psi.

SIMI- Octahedral shear, inside surface over rib, psi.

SIM2- Octahedral shear, outside surface over rib, psi.

$2M1- Octahedral shear, inside surface between ribs, psi.

S2M2- Octahedral shear, outside surface between ribs, psi.

Circumferential Rib Nozzle:

PB - Coolant pressure, psi.
T2 - Sleeve thickness, inches.
TI = Liner thickness, inches,
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TI - Liner inside surface temperature, °F,

T8 - Liner outside surface temperature, °F.

DL - Distance betwsen ribs, inches.

SiLCI-Principle circumferential stress, inside surface over rib, psi.
SILC2-Principle circumferential stress, outside surface over rib, psi.
S2LCI-Principle circumferential stress, inside surface between ribs, psi.
S2LC2-Principle circumferential stress, outside surface between ribs, psi.
SiLLI-Principle longitudinal stress, inside surface over rib, psi.
SilL2-Principle longitudinal stress, outside surface over rib, psi.
S2LL)-Principle longitudinal stress, inside surface between ribs, psi.
S2LL2-Principle longitudinal stress, outside surface between ribs, psi.
SiMl -Octahedral shear, inside surface over rib, psi.

SIM2 -Octahedral shear, outside surface over rib, psi.

S2M| -Octahedra) shear, inside surface between ribs, psi.

S2M2 -Octahedral shear, outside surface between ribs, psi.

B - Parameter used in stress calculation (See derivation).

P - Force per inch of length on ribs, 1b/in,

PlIl - Bending stress on liner at rib, psi.

SR2l- Pressure between liner and rib, radial, psi.

The program and a sample output for longitudinal rib calculation follow
on page |14,

113



|

AEDC-TDR.63.58

s s RN NaNsNaNaNs]

90
91
92
93
100
101
to2
103
104
110
111
112

114
115
120
121
126
128
129
130

HeCe ROLAND # # NOZZLE STRESS PROGRAM
FIRST INPUT IS TITLE WITH UP 10 49 ALPHAMERIC CHARACTERS
TYRPE 60 = UNRESTRAINED«LONGITUDINAL « AND CIRCUMFERENTI]AL RIBS

S5¢0 = UNRESTRAINED ONLY

4¢0 3 UNRESTRAINED ANU LONGITUDINAL RIDS+SENSE SWITCH 3 ON
340 = UNRESTRAINED ANU CIRCUMFERENTIAL RIBS

240 = LONGITUDINAL RIBS ONLYs SENSE SWITCH 3 ON

140 = CIRCUMFERENTIAL RIsS ONLY
SENSE SWITCrH 2 ON BYPASSES AUTOMATIC PRESSURE £UWUALIZATION
FORMAT (49H )
FORMAT(EL120e14E12¢1 +E 1201 +E1201¢El2e14E1201)
FORMAT (El12el et 126l erl2e¢lebl20leci2el)
FORMAT (1OHMINPUT DATA)
FORMAT (EX e2HPB ¢ 12X 0 2HT] ¢ 9IX2HT] ¢ X e 2HTB)
FORMAT {3X eAMSPC I s TX e GHSPC219X1aHOPL] ¢BXeaHSPLZ 19X e 3HS I MeGX ¢ IHSH2M)
FORMAT ({ IOHUNRE STRAINED NOZ2LE)
FORMAT(F12e34F 12¢3eF12e3¢F|203¢F12e34F123)
FORMAT (F1263¢F1203¢F12e3¢F12e3) ¢
FORMAT (23HLONG I TUDINAL RIB NOZZL:)
FORMAT (6X e 2HPB ¢ 12X e 2HT2+ 10X 2HT 1 +8X e 2MT1 e 10Xe2MT¢13IXe2HOR)
FORMAT {3IXeBHS1PCL e TX¢SHSIPCLe TX +DHS2PCT s 7X 2 B5H52P(2)
FORMAT (3X eQHSPL 1 ¢BX e GHEPL2+3X s 8HOR1 24 TXeSHSS5L22 49X e IHLLS)
FORMAT (3X +QHSIM] +BX s 4HS M2 18X s 4HSEM] s BXeuHS2M2)
FORMAT(Flce3er icoedsriceleFlcedericesv}
FORMAT (26HC IRCUMFERENTIAL R.t NOZZLE)
FORMAT (X e2HPB ¢ 12X e 2MT2 e 1 OXe2HT 1 18X e 2™T1 o1 0Ke2HTB, 13X «2H0L)
FORMAT (6Xe1HBelI1Xe1HPiIXe3IHP]] ¢BXaH5REL )
FORMAT (S5XeSHSILLL « TXeSHSILL2 e TXaDHDELL] o« 7X e SHSZLLZ)
FORMAT (S5XeSHSILCL « 7XeOHSILL2 ¢ TXeSHSCLC 1 0 7X 0 OHS2LC2)
FORMAT (El2eleElcel)
DO 51 1214100
READ 90
PUNCH 90
READ 91+PT+QaD11+05¢08CTCOUL
READ 914C14C2eC31A1 4A24A3
READ F1+E1E24EJsUeb D ER
READ Gl eHT HWeTI1eT12T13eTYPE
READ 92+ TRDLIARGTHK L T]O0
READ 130¢ DR+ ST
PUNCH 93
PUNCH 91¢PTeGeD11+DS«DCTCOOL
PUNCH 91 ¢C1eC24C3eAl1A24A3
PUNCH 91+t 1 +E24E3¢UsESER
PUNCH 91 oHT oA e TI1aT12:TI3¢TYRPE
PUNCH F2+4TRIDL ¢ARITHKT]O
PUNCH 130 DRe 5T
COUNT=040
T1=T310
DO 52 J=1.+8
IF (J=1) B«B8+2
Ti2T1+THK
D12=D1142e%T)
DRCAL=SQRTF(D12*%*T])
If (DR=-DRCAL) 3¢7.7
OR=DRCAL
RL=LOGF (D12/011)
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on»

10

18

20

2%

30

32

34

38
as

a0

a1

DLRAT=DL/TR
TLRAT=TR/0L

TRLSDC/6e

IF (TRL=DR/Qe) 44845
GO T0 6

TRL*DR/4,
OT1=Q#D) | *RL/ (24e#C2)
TBsTCOOL+Q/HW
TI=TB+DT!
TMaOTI/LOGF (T I/ TB)

IF (TM=T12) 10430420
DO 1S K=]1+3
TCa(TM=T11)/7(T12=T11)
CMeC1+TCH(C2-C1)

DT 18Q#D ) 1 #RL/ (24 ¢#CM)
Ti=sT8+0T1
TMaDT]1 /LOGF (TI/TB)

IF (TM=T12) 15.30.20
CONTINVE

GO TO 30

D0 25 L=1.2
TC2(TM=TI12)/7(T13=-T12)
CM=C2+TC#(C3-C2)
DT1=5GRD1 1 #RL/ (24 ¢#CM)
Tl=TB+DT1
TM2DTI/LOGLF(TI/Tw)

IF (TM=T12) 104304298
CONTINUE

GO TO 35
TC=(TM=TI1)/7(TI2=-T1}1)
ALBAL+TCR(A2-A])
EL=E1+TCH(E2-EL)

1F (TI=HT) 40+40,32
COUNTE=COUNT+1 o
T1=2T1=,001

D12%D1 14247

RL®LOGF (D12/D11)
DT12Q#DI I *RL/ (24 e #CM)
TI=TB+DT1

IF (TI=HT) 368434,433
IF (COUNT=1e9) 40.40:38
GO TO S1
TCo(TM=TI2)/(TI3=-TI2)
AL=A2+TCH#(AD-A2)
EL=E2+TCH(E3-E2)

IF (TI=-HT) 4C+40,32
T2=x140

OTMaTM=TCOOL
022=D12+42¢%0C
D23nD22+2e%#T72
RMN= (D1 14T1)/720

IF (SENSE SwiTChH 3) 8Bl.41
BaSQRTF (SURTF (2 73/ ((RMN##2)#(T1#%82))))
D=0

Fxle

SUMl ==, %
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80

81

68
69
67
70
60
28

29

62

SUM2=0,

00 680 LM=1,.,8

ARG =B#D#DL

ARG2eB#FaDL/2,
SUMIESUM]+(2+718%% (=ARG] ) )#{COSF (ARG] )+SINF (ARG] ))
SUM2=SUM2+(2+718%# (~ARG2))I* (COSF (ARG2 )} +SINF (ARG2))
OsD+1e

FaF+2e

CONTINVE

ASBH#DL

CHB B ¢SH((2eT188#A)4(2718%%(=A)))
CBsCOSF (B*DL )

SHE=oB# ((2e718#%A )= (24718848 (=A)))
SB8sSINF (B*0L)

PB=0.

D12SQ= (D12##2)

D115Q=(D11##2)

D2250= (D22#%2)

D2350= (D23##2)

0SSQ= (DSne2)
Z1=(D12SG+D115Q)/7(D12SQ-D115Q)
Z2=0128Q/(D12SQ-D11SQ)
Z3=D1150r/(D1250-D115Q)
Z4s(D22SQ+D12S0Q)/(0228G-D12SQ)
25302280/ (0225Q-D125Q)
Z6=D12°0/(D2250-D12SQ)
27=102350+D225Q)/(D2350-D2250Q)
28=({D1250-D0115Q)/(0235Q~02250Q)
29=(DSSQ-D1150)1/7(D125G=D115Q)
Z10=tDS5G-D1250)7(D125G-D115SQ)
FlasALRDTIREL/ (2e% (] e~U)*RL)

F2z] 0~2e#2ZI3#RL

Fas] u=Qeh22#RL.

DO 50 N=1.2

IF (N=1) 67:67.68

IF (SENSE SWITCH 2) 69467

GO TO S0

IF (TYPE=2e35) 70460+60

IF(TYPE=1¢5) 48+42.42

PSaPT/e528

SPCInZI#PT=2#22%PB+F | #F 4§
SPC2224#Z3#PT=2] *PB+F | #F2
SPL12%(PS/(0S=D11))#((+528%D5~D11)#29)
SPL13=(PS/(D5=D11))1%e3148# ( (DS*#3)~(D11#%#3))/(D1250~D11SQ)
SPLISFI#F4-(SPL12+SPL13)+PB#Z10

SPL2=F | #F2-(SPL12+SPL13)+PB#210
SIMESQRTF (((SPCI~SPL1 ) ##2)4 ((SPCL+PTIRR2)4 ((SPLI+PTI®#82)) /36
S2MaEARTF (( (SPC2~SPL2I1##2 )4 ((SPC24PBI##2)4+ ( (SPILL2+PB)I##2)) /3,
PUNCH 102

PUNCH 100

PUNCH 104+PB+T1eT]sTu

PUNCH 101

PUNCH 103+SPC1¢SPC2¢5PL1+SPL21SIMS2M
IF (TYPE=5¢%) 61442442

IF (TYPE=4e¢5) 62149449

IF (TYPE=3e¢%5) 48442442
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113
1l1se
1S
116
117
118
119
120
121

122
123
124
128
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

142
143
144
145
146
147
148
149
150
151

152
153
154

156
157
158
159
160
161
162
163
164
165
166
167
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PINZ2¢#Z2A¥PT-Z 1 #PB=27#EL #D22%PB/ (ES#*D12)
PIDsZ1+Z7*EL/ES

P1=PIN/PLID

P2=P1%#D12/D22

S115Z1#PT=2e%Z2% (PB+P1)
S1232e#Z3XPT=Z 1% (PB+P1)

S$22= 27+ (Pu+P2)

PI1PaF I #F2/(Z1+2Z THEL/ES)
SIIPEF | #F4~24%#22%P 1P

S12P=F | #F2=2]| #P1F

522P=Z27#PP*D]12/D22
SBl1IzeH#PI#((DR/T] ) ##2)

SB12=-5H11

SH1 1P=e5#P PR ((DR/T]1 ) ##2)

SBi2P=-5B11P

SR 2z=(P1+P1P)*(DR/TR)

SLT11=zF1*Fa

SLT12=F1#F2
SILT=-AL#®DTM#EL /(] o +Z8*EL/LES)
$22PP=2T#(PEB+ (0127022 )% (P1+PIP))
SB22:=e5#(D22/0121H (P I+ 1P )R ((OR/T2)IH%2)
LB 223 -eD¥* 5B
S2LT=AL#DTMREL /7 (EL/ES+] o/ 28)
SIPC1=511+S511P+Soll+SHl 1P ¢
S51PC2=5]12+512P+5H12+5t3]1 2P
B2PCIES11+511P+eORSUI 245l P
52PC2=S12+512P 4+ e %S | +49%#531 1P
SPL1I=SLTIL+S1LY

SRL2=SLTLIZ24+SILT

55C22=522P+5H222

SLS=82LT

SIMI=SURTF (L(SIFCI=SPLII#22)+ ({SIPCI+RTIRR2 )4 ((SPLI+PTI*%2) )/ 3
SIM2I=SURTF (((S1PCI-SHL2) *# %2 ) + ((H1PL2-SRIZ)IHH2)+((SPL-SR12)*%2))
SIM2=51M25/3

SAMYI=SORTF (L(S272C1 =0 L] 1R %214 ((S2PCI+RTIR22 )+ ((PLI+PTIRRL2) )/ e
S2MESHURTFE ( ({520 2= 1.2 ) R ¥2 )1+ ((SPL2+PI#*2 )4+ ((S2PL2+PoI#%2) )/ 3e
PUNCH 110

FUNCH 111

PUNCH 103¢PBeT2eT1eT1eTrHDR

PUNCH 112

BPUNCH 104e%1PCLe51PC24052PCT enalPle

PUNCH (13

PUNCH 119¢5PL145PL2yS~IZeLoted el
PUNCH 114

PUNCH 104491 ML e IM2eoeM] o SaMe

IF (TYPr=5e5) 64¢a8e48

GO TO 49

PN zRT-PB+AL D TM*L L * T 1/ b
P=PN1/Z(3%05UMI+ T 7AR)

PMC=P® (LHo=SE )/ (4o ¥B# ((IHs~Ls) )
Pl1=6e*PMO/ (T H#2)

SILL1=F1#Fa+P]145T

SILLZ=F 1 #F 2=P 14T

SALLI=F 1% 4=ebH Wi ] | 45T
SALLQ=F | #F 2+ eo#i] 1 45T

SRV ==/ TR
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168
169
170
171
172
173
174
15
176
177
176
179
1 X-To]
181
182
182
184
los
1b6
187
[R-1-]
186
19¢C
191
192
1623
194
195
196
197
Ivo
199
200
201
eCc
<0
e
<0Z
cQc
207
<08
<05
el
<11
elc
él.
21«
clt
cle
217
21t
21¢
et

I

2
=4
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SILCIsPH#RMN/AR=ALSDTMREL+F I #F &

SILC2sPRHRMN/AR-AL#DOTMREL +F | #F 2
SLC21=(PT-PB)#RMN/T1+F | #F 2~-PH#E*RMN#5UM2/T |
SLC2IAs(PT-PB)IXRMN/T|+F | #F 4 =P #B8#RMN#SUM2/T 1

s2LC1=SLC23

s2Lc2=sLc2]

SIMI=SQRTF (((SILL1=-SILCI)I##2)+((SILLI+PTI##2)+((SILCI+PTI##2)1/3,
SIMASSORTF {((SILL2=-S1LC2)##2)+((SILL2~SR21)1##2)+((SILC2-SR21)1%%#2))
SI1M2=51M4/3

S2M1 =SORTF (( (S2LL1-S2LC1)I##2)+ ((S2LLI+PTI®#2)+( (S2LC1+PT)##2))/ 36
S2M22SQRTF (((S2LL2=S2LC2)##2)+((S2LL2+PBIRA2 )+ ((S2L.C2+PBINX2) )/ 30
PUNCH 120

PUNCH 121

PUNCH 103¢PBsT2¢T1TI+TB.OL

PUNCH 129

PUNCH 104+S1LC1+S1LLC2e52LCLe52LCE

PUNCH 128

PUNCH 104+S1LLI+SILL2eS2LLL 521 L2

PUNCH 114

PUNCH 104+S1ML+S1M2¢52M1+52M2

PUNCH 126

PUNCH 1C4+B«PsP11,5SR21Y

PB=PT

CONTINVE

CONTINVE

CONT INUE

END
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228
229
230
23
232
233
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235
236
237
238
239
240
241
262
243
244
245
246
267
248
249
250
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He CeROLAND *
j INPUT DATA
3 1500040E=-01
; 78000 CE=-C3
b 700040E+03
' 25000 +0E=-01
3000040E~06
LONGI TUDINAL
. PB
' 06000
/ S1PC1
372734467
SPL1
-504814115
S1Mm1
359064323
LONGI TUDINAL
PB
04000
S1PC1
69224805
SPL.1
~65091..374
Si1M]
321464945
LONGITUDINAL
P8
06000
S1PC1
-135984211
SPL1
~79037¢995
Si1M1
340604160
LONGITUDINAL
PB
0000
S1PC1
-301584264
SPLL
-924454664
S1M]
379654063
LONGITUDINAL
PB
04000
si1PCl
~44708¢344
SPL1
—105400 4650
S1M]
426164963
LONGITUDINAL
P&
(oY elo]e]
S1PC1

NOZZLE-STRESS MO-TI

20000.0E+03
650000E~03
3500040E+03
15000eCE+0]
30C004CE-05
RIB NOZZLE
T2
¢ 150
S1PC2
-088484215
SPL2
-8B013.607
S1v2
246634672
R1IB NOZZLE
T2
e150
S51PC2
=446736096
SPL2
-1964.038
S1Mm2
189034071
R1B NOZZLE
T2
¢ 150
S1PC2
=38471e732
5PLe
43896749
Sime
177016253
RIo NOZZLE
T2
e 150
S1PC2
=347264437
SPL2
10936e¢377
S1M2
187336969
Rlu NOZZLt
T2
¢ 150
StPCe2
-317264228
SPL2
176016154
Si1m2
21224662279
RIts NOZZLE
T2
0150
S1PC2

78400.0E=-05
H2C0C«0E-03
2200040403
80000 eCE~03
10000e0E-CH

T1
«010
s2PC1
~-66838. 347
SR12
~5160e472
S2Mml
27760e480

Tl
e015
S2PCi
-79588e0817
SR12
-7829e 187
S2M]
339146763

T1
«02C
S2rPC|
-95691e718
SRr12
~11368e61b
SamMmi
41044e07C

T1
0025
s2PCl
-112463¢09C
SR12
~-15833e241
sS2Mml
482864856

T1
e C3C
S2~2Cl
-129121060
SRi2
-21219e9D44
sS2M1
554226 706

T1
0035
S2PC1

100ATM

e 78DI1A

1500040E=-04
3000Ce0E~-10
310000E~05
15000¢0E~01
5V00040E~-07

T)
4354298
s2PC2
45263599
sscae
16306772
sS2m2
234554556

Tl
$43e416
S2rCe
4183be526
55Ce22
33674455
Sa2me
20201713

Tl
6514199
s2PC2
436216775
55¢C22
5602869
s2me
19610eb 708

Tl
758Be614
sePC2
4727be395
55cC22
B8275e006
s2Me
203464836

T1
865¢640
S2PLe
526964492
55C22
1133%e¢277
32M2
218874034

Tl
72263
SePLe

119
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12500eCE=-05 8500040E-03
30000eCE~10 30000e0E~-10
3000GCe0E+03 47000.0E+03
350000E-01 200000E~04
1000C«0E~06

T8 DR
£1He¢333 e 089
SLS
1278.018
T8 DR
2184333 0110
SLS
21800655
™ DR
2184333 0128
5LS
3208340
T3 DR
SlHe304 eldaa
SLS
4336720
T8 Die
218333 ° 159
SL.S
5547330
T DR
218¢333 o172
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-58081 4400
SPL1
=117966419L
S1iMm]
47553453
LONGI TUDINAL
PB
LaWCC
S1PC1
-70692¢100
SPL1
-130190e720
S1M]
52587393
LONGITUDINAL
PB
Ce00C
S1PC1
-82769¢36C
SPL1
~1421124050
S1M1
57636750

«~28393946C
SPLe
€433]14083
S1M2
247736245

QI8 NOZZLE
T2
e 15C
S1PC2
~26029e401
SPL2
S1C0b7el130
S51M2
dY9163e 006
Rle NCZZLE
Te
o120
S1PC2

229324020
sSPL2
37b40e 64
»nl M2
Sb4clcTeCbb

-1454014580
Swl2

=-27498e272
seml

62282¢976

T1
eC40
S2PC1
-161219e¢540
SRi2
-J3402decB4
s2m1
bJ149e16

T1
e 04
g2rPCl
-1 765994600
SR12
—429563e09C2
S2M)
Tuol2l a3

120

58380745
sscea
147444236
sa2m2
239434656

T1
1C78475
s2rPC2
644984003
5s5c22
18469950
s2Me
c6356e911

T1
118474
s2PCce
7068580231
5502
224864049
32M2
289504064

5LS
68200731

B8
£lbBel33

3LS
31606367

i]-]
2186233

SLS
5410845

DR
¢ 185

DR
0198



AEDC.TDR.63.58
RIB STRESS PROGRAM
This program is written in the Fortran || language and may be run
on any digital computer designed to use this compilation language.
A sketch of the nozzle liner and sleeve with circumferential ribs

is shown below. A typical section is labelled according to the program
naming of variables,

INPUT DATA

The input data, in order of read-in are:

First Card

Title card, which may contain up to 50 letters and/or numbers to
identify the case.

Secend Cord

This card is divided into three 10~-space columns and one 3-space column
according to the Fortran FORMAT form (E10.1, E10.1, E10.1, 13). It contains
in order:

TR - The rib axial thickness in inches, sams for all ribs.

EL - The liner modulus of elasticity, 1b/in®.

TEST | - The convergence criterion for each iteration for stress
distribution. A reasonable value is from 1 to 100, Since
this number is compared with the residual in the force balance
equation it is of the order of the forces involved, which, for
each section is several hundred pounds.
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N - The number of sections, including Number | as a dummy section
at the exit end, Number 2 the first section at the exit end,
and Number N the last section at the entrance end. Sections
Number 2 and N do not have ribs, and are only half as long as
their neighboring sections. Up to and including 99 sections
may be used.

Cards 3 through (N + 2)

These cards each contain in order the following values for sections
| through N according to FORMAT (E10.1, El10.1, EVO.1, E10.1, EV10.1):

PA - The airside pressure on the section in 1b/inZ,

PC - The coolant side pressure on the section in 1b/in2,

OL - The liner diameter at the entrance end of the section in inches.
CA - The radial width of the rib for the section, inches.

OX - The length along the liner of the section, inches.

Cards (N + 3) through (2N + 2)

These cards each contain in order the following values for the sections
| through N according to FORMAT (E10.1, EV0.V, E10.1, EI10.1);

TH - The angle between the liner and the nozzie axis, taken at the
middle of the section in radians. Note that for sections on the
exit side of the throat this angle is given a negative value so
the force of the air pressure on these sections will be negative.

THCK-The thickness of the liner at the entrance end of the section,
inches,

ER - The modulus of elasticity of the rib in the section. This value
is made 0.0 for a section with no rib. Ii will usually be the
same for other sections. Units are 1b/in“,

S - The initial stress value inserted for the section. Any value
may be used, but good original estimating will shorten convergence
time slightly,

PROGRAM OPERATION

After the data are entered the computation will proceed automatically
until the convergence criterion for the residuals is satisfied for all
sections, at which time the exit end liner displacement will be printed
out. The computer will then pause. The operator may examine this displace-
ment., If it is positive he prepares a single card for a new value of §,,
the exit end stress, which is less than the original value. The FORMAT is
(E10.1). He places this card in the machine and starts the computer. It
reads the new $; value and again calculates the stresses. |f the displace-
ment as calculated is negative the operator increases S; for the next
iteration. The end displacement is thus made to approach zero as closely
as desired.
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[

1f a readout of rib number, residual, and stress is desired during
the relaxation of residuals SENSE SWITCH 3 is turned on. When the end
displacement is close enough to zero the operator turns on SENSE SWITCH
2. This causes a print out of rib number, residual, stress, section dis-
placement, and force (in pounds) on the rib.

The FORTRAN program, entitled H. C. Roland, RIB STRESS PROGRAM, follows
on pages 124 through 126. Sample data are given on page 127, and the final
print out on page 128,
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C He Co ROLAND %% RIB STRFSS PROGRAM
SENSE SWITCH 3 CN GIvLS REAUD OUT OF RIn NOesRESIDUALY AND STRESS
INPUTS # TR=-RIB THCKs TL=LINK THCK, EL-LINER ™MOD LF FLAGT.
TEST1~15T CCNV CRITs TEST2=2ND CONY CRITe N=NO UF STRESSES
PA(1)~AlR PRESSes PC(1)=C00 e PRz8Ges LL(I)=UIAs LINRe
CA(1)=~COOLs ANNULUSs DX(1)=SECTe LGTH ON I_LINLRs €(])=STRESS
TH(I)=SECTe ANGee THCK (I )=LINER THOK s FRI1I=RI EL AT MODs
GIVE TH NiGe ON OUTLET SIDE OF THRCAT
GIVE ER(1)=0e¢ FOR SELTSe UsZs N

100 FORMAT (5CH

101 FORMAT (I1CHINRUT DATA)

102 FORMAT(E]OQel v21C0el e 10elal3)

U3 FORMAT(L1Cel efll el enlOelsCl1Celat1CGel)

1C4 FORMAT (Z17elsti10e) 0. 1Colatll0el)

109 FORMAT (13HRITESATION NOo)

1C6 FORIZAT (BRLODH NQe)

107 FORMAT (16)

108 FORMAT (7HR 14 Nl e 08X e BHIZE ST OUAL +OX ¢ AHSTRES S e 7o o 3FDCLT A
17X« BSHFCRCE )

179 FORMAT (l1443X e 120l 121 0F1Ce3¢F1001)
112 FORWAT (1 7HBS sl - TOYPLETL )

111 FCRMAT (2x41+1eliXa®1el)

112 FORMAT (1 7H='.0 o ] uflACu MENT=oF 1 2e8)

DIMENSICN PA(20) 20 el (20 eCAL2O ) e {l0) e TRI2D) o« TR (ZC )0
TERI2D) el 2 LM IZ2u Y gial2 el Sl VaCunm(ZChed (£7)0 e (2C) e L(ZD )
2Y(20) DU 20 0 2ULMI (22 ) e L™ ) aw a0 ) of (7))

LF=C

REAL 1C7

PUNCH 100

PUNCH 171

READ 1724 TRy “LaTELTLe N

PUNCH 172¢ TRe L TEOT1 M

DO € I=1asl

READ 1C3s PACide B0 (1)e DLEIYe La(ld)e wx(l)

5 FUNCH 17326 @ACIYe (D) e DL (IYe “L(IVe tx (1)

D0 10 IX=zleN
REAU 1Cuy THIIX) e THCK(IX)e »Iv(]*)e “(IX)
1c PUNCH 174y Tr(lIx)e THUNCIX)Ye R {Ix)e Z(IX)
NQ=N=1
DO 18 J=1laN
IF(J=1)3490i1
9 OM(J)Y=3el42% (DL (NI +ZA())
A(J)I=De142%DX(J)#DL (J)
GO TO 3
11 DVM(J)=1 eS7H(LL ()DL (J~-1 )+ e*TA(J))
A(J)I=] «DTIXDX(IIR(LL (DL (J=-1)))

3 IF(J=N)YE« 747

(S} COS(UI=COBF ((TrmiJd)+TH(J+1))/2e)
GC 70 8

7 COS(JI=COSF (TH(U))

3 COSR(JI=EL#TO3F(TH(J))

W(J)I=3e14%#DL ()

ClII=(PA(JY=PCLIII*A(II*SINF (TS

ClU) =W (JIHTHIK (D) #COS(U)

Y(I)=OMIUI K (TR¥ADNXRER(JIZ(CA(I)**3)
15 CONTINUE
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LENAGNL

DALy e (S (LI+S(L+] ) WDV ILH])I/7CO8R(L+])
SUN(INA)Y=ALLD
CONTINUE
DO &8 IFF=2«N

UM (MF ) 2UX (MF ) ¥ 28R (S{MF I+S(NF=~1))/7C00R (I4F)
CONTINUE

CO 2 M=z
QUMY Y (Y *(SUMT (M) +3UMIMII+O () *S{MI=D(Ma] Y #E (1a=1)=C (M)
[T=1T+1

[F O (SENST SwiITCH 3) 26627
PUNCH 1C6
PUNCH 1NT7e LP
PUNCH 1 0S

UNCH 10740 T
DUNCH 10R
DUNCH 11le S(1)

D0 28 MU= .N
YNNG ] DM (IR ) o SN

DO MOz eN

1F (AR (W (MO ) =TEET1)Y 2860280

CONT s

cooTe -

MY

L0 27 en e

Pt (hey b o M) Y=l s e (X ) ) ) 8T e 40y 3
WX EMA

CONTINUL
TN Y (A Y m (MX ) ([ e (Y (X )R A s X LAY /CNTROIN YR (iEX ) ) )
ceoTC 1)

CONT M

D0 La My =N

CELAAMY Y=z uM ] vay ) +50t Ly )y

FAMY Y=Y (MY Yool (Y)

CONT ITNUL

CT2DFRL(2)+a20% (S{21+5 (1)) *UX2)Y/ .0CR(2)

PUNCH 112« OOT

PAUSH

IF (SENSE S41TCH 2) o465

SENST SwlTCH 2 ON 1R pCalia COMPLETZ s PRESS STARY

SWITCH 2 CFF=~THANGL S(1) ORe SIGN TO AL wISOeb PRESS START
GO TO 66

READ 1744 S5(1)

GO TC 14

PUNCH 110
PUNCH 1C6
PUNCH 1C7e L©P
PUNCH ok}
PUNCH 10747
PUNOH 104
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PUNCH 111+ 5¢(1)
00 67 ML=z2«N

6C PUNCH 1COeMDIR(MC)aSIMD) D=L (M) ¢F (MD)
END
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H C ROLAND RIB STRESS #% MO-TI

INPUT DATA
25060E-04
5006 0E-02
10040E=-00
200e0NE-0OC
30060E=-0C
4006 0E~CO
S00e0E=-0O0
6C0e0E~-0OC
700 0E=~CO
8C0e0E=-00C
900e0E-CL
100 e¢0E+0O!
1100E+C1
120e0E+0C]1
15060NE+C)
1406 0E+0]
28040E+0]}
280 60E+C]
28040E40]
280+ 0E+0]
28C e JE+C1

=140e0E-C3

-140e0E-03

~14060E~-C3

-14060E-03

-14060E~C3

=14Ce0L-03
=-14060E-03

=14040E-C3
~140e0E-03
=14060E-03
=14060E~-03
~14040E-C3
~14060E-C3
=14060E-03
500 0E=~03
84540E-03
B8450E~03
67CeUE-C3
0006 0OE=-99
CO0 e OE=-99

4504 CE+0YH
600 VE=~01
6C0e0CE=C]
T7CCe0E=-01
TO0LVE=C1
BOG ¢ JE-O1
BOC $OF =01
BOL e CE=C]
9CC s VE=O1
9CLekE=01
1ULeLE=QU
1C0eJE=-OC
110eCE~-CC
110e0E=-0Q0
127 ¢UE=CC
12040E=00
140 ,0E-=00
1404CE~0DD
14CeCE=-0Q0
140 6VE=CGS
140 0E=00
34CelE=C4
330e0L-04
320 eVE=-V4
310 eCLEL=04
3CCelb=04
29T eUE~014
2B0+Cl =04
28N 4VUE=04
27CeLCE=-04
260 +0E-04
25060CE=-04
24Ce0CE=-U4
230eUEL-V4
220 eUEL—-04
25060VE=-04
280 e OE-04
3104LE-C4
3306 VE~-C4
3404CE~-D4
357 ¢OF =04

400+0E-01
132.UE=-02
124 40E-02
1160E-02
1CBsCE~02
10040E=-02
92C+0E=-03
B40eLE~D3
T76040E-03
oL eVE-U3
6C0evt=-03
D20eLE=-C3
440e0CE=-CH
3600E-03
28C0E-C3
24N 40E=-03
600 0E~C3
104.CE=-D2
14)]4CL-02
1506 UL =02
120eCE-Oc

200 ATm

20

100e0E=UL3
1006 0E=-V3
100+0E=-03
10U« 0E=-U3
1000 0E=-U3
10N« QE~-L3
100e0E~VI
100e0L~-03
100e0E~-V3
100eUE=-US
1C0eCi=i3
10CeCt~U3
100eVE~U3
10Ze0E~0D3
1006 NE=03
1006 E=03
1C0e0E~-0O3
I1UC e VE=. 2
1ULeLE-O3
1C0e0OL~-0O3

CODeLt.=99=20Ce0E+U]
QOCelbl =I99~=190eC4U}
45H0eUE+0H-12Ce0E+V]
450 60E+05-650e 0L =00
Gl et 4(19=-5C0 e 1L=00
a4, e GEH+OH=490 e OE=00
A45C ¢ U 405 =5006E-00
45N el L +05=5524Z-00
457 e LE405-3CL e 0E~-CO
45060 +05H=44N6eNE=CO
45C e (L +0E=a00e CL~UD
4506 M 4C5-300eCE+4L Y
400 VL +0L=4 7060+
406Ut +0DH=TH0e UL +V]
4506 0L +0D-HICeOE+U]
4950 eCE+09-410e0L+01]
450G e CEF(L=-21Te0b+L 1]
450 6UE+0D 11360402
4-0eVE 40D 830 e O byl
OCoelt=%9 700e0L+01
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024DIA

1300E=04
126e0E-03
252 ¢0E-02
252e0E-03
2592 0E-03
292 ¢0E-03
2526 0E-03
252+0E=03
292 e0E-03
ED2e0E=03
252¢0E-03
252 ¢0E=-02
252 ¢0E-03
292 ¢0E-C3
252 ¢0E~-03
35040E-C4
350e0E-04
29Ne0E~-02
250e0E~-03
125e¢0L=-03
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PROBLEM COMPLETED
LOOP NOe

9 .
ITERATION NOo

1

RIB NOe RESIDUAL
1
2 3948
3 3540
q 3206
S 364
& =21l
7 =290
8 =35¢0
9 =606
10 157
11 3145
12 =337
13 100!
14 3243
15 -29e6
16 ~1e9
17 26e6
18 2601
19 3140
20 -3l

STRESS
2000
5098
6969
89466

12217
991 8
62607

4445
=30000

«-44040

=000

-2541 1
47000
=8218.9
=7942¢0
41000
=2100C
104728
Bl82¢9
79300

128

DELTA

¢ 0000L298
+ 00000078
-e00GOL317
-+ 0000vB41
-e¢00001453
-¢00001995
-000004319
-e00002378
-+0C002237
~e¢000N2014
~¢00001479
-e00000039
¢ 00002810
« 00007215
«0001v14d
«0001V680
«0000%141
¢ 00004828
«00001118

FORCE

0«0

202
-8e5
-21lel
=340
=43e]
-46e¢0
=430
~36e5
-29¢3
=189

-e4
2600
573
1164
216e%
267 e 4
1657

Oe0
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FORTRAN PROGRAMS
FOR
BACKSIDE COOLING CALCULATIONS
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LINER BACKSIDE COOLING COMPUTER PROGRAM

The program described below is written in Fortren i1 language. It is
designed to calculate the bulk temperature, static pressure, convection
heat transfer coefficient, surface temperature, boiling heat transfer coef-
ficient and boiling burnout heat load along a nozzle liner coolant annulus
with longitudinal ribs. The program proper is preceded by a brief dis-
cussion of the equations used for calculation. in this discussion the
notation used is the same as that used in the computer program.

COOLANT ANNULUS DESCRIPTION

The coolant flows axially in an annulus around the nozzle liner. The
coolant side surface of the liner is a surface of revolution about the
nozzle centerline which is designated the x-axis. For calculation of the
required variables in a stepwise fashion, the liner is divided axially into
small finite sections. A description of each section as to length, radius,
angle of the liner surface with the x-axis and distance across the coolant
annulus perpendicular to the liner surface, provides the necessary liner
and annulus description. Using these variables, the liner heated area,
coolant annulus flow area and flow path length along the liner, are calcu-
lated.

A cross-sectional view of a typical liner and annulus section is shown
below with the necessary variables identified.

: Sleeve

~ D2, |

g I Coslant Aow
| |
%"—lmer

| RI,
| R2.,
l
|

X oxs
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If the section length Dx, is made small compared to the radius of
curvature of the liner, the heated area of the section is

AHOTn . ar R, Dxn

]
Cos (TH,) ()
The coolant annulus flow area is
Acee, = 7RI, + R2,) D2, (2)
N
- R2, s Rin + D2, Cos(rH,) (3)
So 2
ACoct, » 2TRI, D2,+ 7 Co3(7H,) DZ, (b4)

The above equation for the coolant flow area applies only in sections
where there are no ribs. |If there are RN ribs of thickness RT, the
coolant flow are is

B
Aeat, « an e, 82, + Teos(T4,) D2, - RN RT 02, (5)

1f a constant flow area is desired let ACOOL, = DCOOL = constant.

Then

a
TTCOS(TH,) D2y #(27 R, - RN RT) D2, - OG0t = o (6)

02, = - (A7 Rin- RN &T) +k'!'r?/n-¢~gr)'f ‘”C“(M)Dfmf (7)
Rrcos(TH,)

and
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BULK TEMPERATURE, YELOCITY AND PRESSURE CALCULATIONS
Given a coolant water flow rate aRd a8 heat load distribution along the

linar, the bulk temperature at the nth section is calculated from

TB,’ - T’h-/ + G-y AHOT -/ -+ @ ANOTh
2-CP. Fe R R-CP. LR

where 78, » bulk temperature at section n, °F
&. = heat load on liner at section n, B/hr ft2
Awen, = liner section area st section n, ft2
CP = coolant heat capacity, B/lbm °F
Fee = coolant flow rate, lbm/hr.

The velocity at each section is calculated from

V. = LR
"n
ACM, RHMNO,

where Va = velocity, ft/seg
RnOy = density, lbm/ft
A& = coolant flow rate, 1bm/sec
Aol = coolant flow area, ftl,

The static pressure is calculated from

PrEsS, = 'P-Eessn_‘ - DPS__ - DPs,- Dpv(m)_.n (10)

where PRES, = static pressure at section n, psia
TRES.. = static pressure at section n-1, psia
s, = frictional pressure loss in exit half of
section (n-1), psia
©Psn = frictional pressure loss in entrance half
of section n, psia

DPV‘“_D‘ = pressure loss due to acceleration from (n-1)
"  ton, psia.

The pressure loss terms in equation ( 10 ) are calculated as follows:

For DPS
-0.28

5" E S
DPS,, = 9./5x10 O%a RHo, Yn RE,
o "/n 2 3;

(1)

132



AEDC-TDR.63-58

where OPSp, a2 frictional pressure drop in half of section n, psia
Dxn = section length, inches
DHy = coolant annulus hydraulic diameter, ft
RE,, = Reynolds number at section n.
For DPV
kS .
DP\{ > ..<°“°~V* _ RHOp, Vi, ) /44 (12)
-
" - " 29" ng
where OPV = acceleration pressure drop from (n-lg ton, psia
Rwo,, = coolant density at section n, lbm/ft
Va = coolant velocity at section n, ft/sec
a = 32.2 lbm ft
. 1bf sec?

FORCED CONVECTION AND SURFACE BOILING HEAT TRANSFER

The forced convection heat transfer coefficient is calculated from

-0.2 -0.667
BARH, = S/34 -V, RE, PR, (13)

where PK,\= Prandtl's number at section n.

For evaluating RE, the viscosity is calculated from the following
empirical equation
FMU, e 808 _ (4.508%)TC 0(20") TEN (1)
TC,,

where FMU, = viscosity at section n, Ibm/ft sec
TCy = film temperature at section n, °F

For calculating PR, the following empirical equation is used

-9 3
PR, = 480 _o.cozTe,+(Tx10)TC, (15)
TCy

Equations ( 14 ) and ( 15 ) are plotted with experimental values for com-
parison in Figures | and 2 respectively,
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3.0M
O Table Values from Kreith (16)
0.045
— u="p - (4.5x 108 T+ (2 x 10711y 12

2.0
™
©
~
Y]
4
>
-
i
w
o
Q
»
Lol
P

1.0

0 | | |
0 100 200 300 400 500 600

Temperature, °F

Fig. 44 Viscosity of Woter
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O Table Values from Kreith (16)

480

— Pr-"_ - (2x10~3) T + (7x10~9 T3
1 1 | ] | ]
100 200 300 400 500 600

Temperature, °F

Fig. 45 Prandtl Number for Water
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The liner coolant side surface temperature in forced convection is
calculated from

TS“; TB“ L 4 .__Q_n_. ( '6 )
BARH,,
where TS, = surface temperature, °F
T8a = bulk coolant temperature, °F
Qn = bheat load at section n, B/hr fe2
‘Ala“- heat transfer coefficient.

Since REn and PR, are functions of the film temperature TC,, and TCp
varies with TS,, equations ( 13 ), (14), (15), and ( 16 ) are used to
solve for TS, by successive approximation.

At each section the saturation temperature is first calculated based
on the static pressure. For pressures to 400 psis the saturation tempera-
ture is calculated from

-3 2.
TsAT“ = 240 +“‘SS“— 1,28 w0 mss“ - eboO ( 17 )
2.75¢ Pr&ss,

For pressures from LOO psia to 1000 psia the following equation is used

TSaT, = 390 + O.16 PRESY, (18)

For pressures above 1000 psia the saturation temperature is calculated
from

TSAT, = 470 + 0.08 2 PrRESS | (19)

Equations ( 17 ), (18 ), and ( 19 ) are plotted with experimental values
of the saturation temperature in Figure 3.

|f the required surface temperature exceeds the saturation tempera-

ture at any section by more than 10°F a boiling heat transfer calculation
is made. The convection heat load is first calculated by assuming a value
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for TS, and using

Neorvehen * B‘RH"(TS"- 7‘0,,) (20)

The boiling heat transfer load is then calculated from

3.86
O"lmh'\ﬂg - O-Z[;'S“-(TSAT,‘q-co)J (21)

' (Qn)convection + (On)boiling 4 Q another value of TS, is chosen
and the process repeated until the proper value of TS, is reached.

The burn-out heat flux is evaiusted using each of the following three
equations

1. 3% « 393

Qbo'-(h‘e‘-rh.ozn D'Tsus,,{:-r s«(’.&%}- 3 (E-Elu%"> Va (22)

.5
QIS'Z“ = ’7000(51'503“) Va (23)

c <433
By, = (h.o)(u-.oz DTSUB“> A (24)

where -
DTSOB“ = T SAT,, -T8,

At sections where there is no boiling, the burn-out heat flux is set equal
to 0.0,

PROGRAM SWITCH SETTINGS

If the program is executed with Sense Switch | off, the pressure dis-
tribution is first calculated, then the inlet pressure is automatically set
to give a static pressure of 10 psia at the last section. This auiomatic

inlet pressure adjustment does not occur if the program is run with Sense
Switch | on,
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If the input data is read in with Sense Switch 3 off the coolant
annulus widths input as data are used for all calculations. 1f Sense
Switch 3 Is on when the data is entered, the coolant annulus widths are
automatically calculated to give a flow area equal to DCOOI at each section.

INPUT DATA CARDS

First data card - FORMAT (50H - 50 spaces - )

This card provides for input and output of up to 50 alphabetic charac-
ters to provide a title for each case.

Second data card - FORMAT (15, F10.5, F10.5, F10.3, F10.5, F10.5)
This card contains data in order as follows:
N - Number of liner sections.
FLR - Coolant flow rate, lbm/sec.
TCOOL- Inlet coolant bulk temperature, °F.
PRIN - Inlet static pressure (plenum), psia.
AIN - Inlet area at the bend, in.
DHIN - Inlet hydraulic diameter at the bend, inches.
Third data card - FORMAT (15, 5X, F10.5, Fi0.5, F10.5)

This card contains data in order as follows:

NRS - Number of sections from entrance having ribs.
RN - Number of longitudinal ribs around liner.
RT - Rib circumferential thickness, inches.

DCOOL- Coolant flow ares for automatic annulus width
calculations, in®,

Fourth card through (3 + n)t" card - FORMAT (F10.5, F10.5, F10.5, FI10.5,
£10.0)

These n cards contain the following data in order for the n liner
sections:

Fln = Liner outside radius at nth section, inches.
02, = Coolant annulus width at nth section, inches.
THh = Liner angle with axis at nth section, radians,
DX, = Length of nth section, inches.

0n, = Liner heat ioad at nth section, B/hr ft2,

All input is punched out as a check on the input data.
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OUTPUT NOTATION

Output values are labeled according to the following

input,

flow rate, 1bm/sec.

input.

input (may be different value).
input.

input.,

number

Bulk coolant temperature, °F.

Liner coolant side surface temperature, °F.

saturation temperature, °F.
mean velocity, ft/sec.
static pressure, psia.

Liner heat load, 8/hr ftz.

N - Same as
FL.RATE -Coolant
TCOOL - Same as
PRIN - Same as
AIN - Same as
DHIN - Same as
SEC. - Section
T-BULK -

T-SURF -

T-SAT - Coolant
VEL. - Coolant
PRESS - Coolant
Q -

H - Surface
Q801 - Burnout
Q802 = Burnaut
Q803 - Burnout

Note: |If QBOl = QBO2
boiling at the section,

heat transfer coefficient, B/hr ft2 °F.

heat flux from equation ( 22 ), B/hr fe2,
heat flux from equation ( 23 ), B8/hr fe2,
heat flux from equation ( 24 ), B/hr ftz,

= QBO3 = 0.0 at a section, it shows there

The program follows on pages 141, 142, and 143, and sample
output on pages l4h through 155.
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C H C ROLAND #*#* BACKSIDE COOLING PROGRAM

SENSE SWITCH 1 ON BYPASSES AUTO PRESS SETTINC

SENSE SWITCH 3 ON CAUSES EWUALIZATION OF ALL FLOW ARECAS
DIMENSION R1(50)+D2(50) ¢ TH(S0)+G(S0) +£LOS(S0) +ACOOL (50 ) +DHI(S0 /o
IAHOT(SO)QG(SO)qV(SO)oDTb(SO)cTB(bO)oTF(SO)oFMU(SO)oPR(ﬁo)o
ZBARH(SO)ODTS(SO)oTS(SC)oRE(SO)oDPS(SO)oDPV(SO)oVH(SO)-QHO(5O)q
SPRESS(SO)OTSAT(SO).DX(SG).TSB(EO).TC(50).080(50).052(50)oQBB(ﬁO)

100 FORMAT (S0H )

101
102

FORMAT (1OHINPUT DATA)
FORMAT (4X s 1HNe«3Xe7HFLoRATE s 3X¢SHTCOOL 16X e 4HPRIN
18X e3HAINI6X s 4HDHIN)

103 FORMAT (I15¢F10e9¢F10¢H¢F1063¢F10e54F10e5)

104 FORMAT (2x03HbECO6XQ2HQl‘UxO2HDZ.bx.2HTH.6X.2HDx.6XOIHQ)
105 FORMAT (F1lO0e5¢F1CeS1F10e5:¢F100e5¢F 10e0)

106 FORMAT (I15¢F10e5¢F1Ce5¢F1005¢F10654F10e0)

107 FORMAT (6HOUTRPUT)

108 FORMAT (3HSEC s 3XeH6HT-BULK 44X ¢ 6HT—SURF ¢ SX e SHT=SAT 16X +4HVEL 0 0

109
110
111
112
113
80

42
45

180

181
20

66

a7

1SX +«SHPRESS)

FORMAT (12¢F10014F10e1sF10eleF1001¢F100l)

FORMAT (12¢F10e0s FlOeles F12e¢04 F12e00¢F1200)

FORMAT (3HSEC e4X e 1HQ+9X ¢ 1HH e OX s 4HIBOL ¢ BX ¢ 4HOB02¢ EX ¢+ 4HQB03)
FORMAT (BHRIBeSECS«3X¢BHNOs RIBS2Xs10HRID THCKNS ¢ 4X s 5HDCOOL )
FORMAT (I5¢SXeF10s5¢F10e5¢F10e2)

DO 40 L=1+20

READ 100

PUNCH 100

PUNCH 101

PUNCH 102

READ 103+ Ne FLRes TCOOLe PRINs AINs DHIN
READ 113« NRSe RNe RT«DCCOL

PUNCH 103+NeFLRsTCOOL +PRIN¢AINSDHIN

PUNCH 112

PUNCH 113+ NRSe RNs RT.DCOOL

PUNCH 104

Lv=0

DO 20 IX=1eN

READ 105y RI(IX)e D2(IX)se TH(IX)se DX(IX)e QCIX)
COS(IX)=COSF(TH(IX))

1F (SENSE SWITCH 3) 45420

A=3e14#COS(IX)

Bz6e¢28%#R1 (I X)-RN*RT

Blz=6428%R1 (IX)

==-DCOOL

IF (I1X=NR5)180+180+18!
D2(IX)=(=D+SARTF ((B#%2 )4 e #AXC)Y )/ (2o *A)

GO TO 20
D2UIX)=(~B1+4SURTF((BIAR2)=4e*ARC) )/ (2e%*A)
PUNCH 106+ IXs RI(IX)se D2UIX)s TACIX)e DX(IX)e GCIX)
VINZ 144 ¢ #FLR/ (AINRE2e4)

VHINSGZ o4 (VINR¥L) /6404

VOZ 146 o #FLR/ (6204%* (DCOULARN*RT®D2(1)))
VHOZE2 ¢ 4% (VORR2 ) /64 04

DO 7 [=1N

1IF (1=NRS) 474474150

ACOOL (1)=2D2( 1 1% (6e28%#R] (1) +314%#COS(11%D2(1)-RN¥RT)/ 144,

DHI(1)=24e*ACOOL(1)/(6e28%R1 (114301 4%#COSC]I#D2 1 1+RN¥(D2(1)=RT))
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GO TO 1491}
150 ACOOL(1)=D2(1)1#(6¢28%#R1 (1)+3¢14#COS(1IND2(1))/144,
151 DH(1)348¢%ACO0L(1)/(12e56%#R) (1 )+6e28%D2(1)#COS(1))
AHOT (1 )36¢283%#DX (1) *RL () /COS(])
Gll)=FLR/ACOOL ()
DTB(1)=Q(I)®AHOT () /(7200 e*FLR*144,)
IF (1=1) 1+41¢2

1 TB(1)=TCOOL+DTB (1)
GO T0O 3
2 TB(1)=TB(1I=1)+DTB(I=1)+D0TB(])
3 RHO (1126206~ (1eSE-03)% TB(l)=(S5¢3E=05)%( TB(])#%*2)

V(1)=G(1)/RHO(])
VHUI)=RHO(I ) #(V(]1)#%2)/64 ¢4
FMU(1)2e045/TB(1)={GeSE=08)#TB(1)+(2eE=11)#(TB(1)%#2)

50 REINX62e4%VINRDHIN/ (124 %FMU(1))
DPINS=e 1 #VHIN/ (RE IN#% 425 )
DPINVEVHO/144
RE(I)=RHO (1 )#V (1 )#DH ([ ) /FMU(])
DPS(1)=(9eiSE-0S)*#VH (1 ) #DX (1 )/ (DH(])I#COS(I ) *(RE (1 )#%#425))
IF(1~1) 54546

S DPV(1)=(VH(]1)-VHO)/144,
'PRESS(1)=PRIN-DPS (1)~DPV(1)-DPINS=-DPINV
GO TO 7
6 DPVI(I)=(VH(1)=VH(]=-1))/144.
PRESS(1)=PRESS(1=1)=-DPS(1)=0PVI(I1)=DPS(]I~-1)
7 CONTINVE
LV=Lv+] :
IF (LV=1) 818165
81 IF (SENSE SWITCrH 1) 65482
82 PRIN=PRIN-PRESS(N)+10,
GO To 8
65 PUNCH 107
PUNCH 102

PUNCH 103¢ N+« FLRs TCOOLe PRINs AINs DHIN
DO 25 K=14N
[F (PRESS(K)~400e) 7047071
70 TSAT(K) =240 e+PRESS (K} ~e001250% (PRESS(K ) #%2)~6600e/ (2 7S+PRESS (K) )

GO TO 79
71 IF (PRESS(K)=1000s) 72¢72+73
72 TSAT(K)=2390e+e 1 6H#PRESS(K)

GO TO 79

73 TSAT(K)=470e+¢082*PRESS (K)
79 CONTINUE

LOP=1

LOT=2

LZ=0

TSB(K)=TSAT(K)+10e
93 TCI(K)=(TSB(KI+TB(K)) /2

FMU((K)=2004S5/TC(K)=(3e5E-08 I #TCIK)+(2eb~11)¥(TC(K)%R2)

PR(K)=4B0e/TC(K)=(2eE~03)#TC(K)I+(TeE~0F)I*(TC(K)®%3)

BARH(K)=S] 34 ¢#V (K)* ((FMU(K)/ (DHI(K)®#RHO(K)#V(K) ) ) *%#e2)/(PR(K)

1#%#4667)

QC=BARH(K)*#(TSH(K)=-TB(K))

LZ=L2Z+1

IF (QC-Q(K)) 30+95448
48 IF (LOT-LOP) 49+95,49
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a9
30
27

95

51
120

91
92
29

99

25

10

35
40

—

AEDC-TDR.63.58

TSB(K)=TSB(K)=20e

GO TO 93

IF (LZ=1)51:51.+27

TSB(K)=TSB(K)+5e

LOP=LOT

GO TO 93

BARH(K)I=Q(K)/Z(TSB(K)=-TB(K))

TSIK)Y=TSB(K)

QBO(K)=0e

QB2 (K)=0e

QB3(K)Y=0,

GO TO 25

TSBUIK)IZ( (Se#QIK) )N e259)+TSAT(K)I+10e
TFIK)z(TSB(K)+TB(K))/2e
FMU(K)Ze085/TF(K)=(4e5E~0B)X¥TF (K)+(2eE~1] )% (TF(K)H%2)
PR(K)=2480e/TF(K)=(2eE=OJ)I*TF(K)+(T7eE-0F)IH(TF (K)#%3)
BARH(K)z5134e# V(K )# ((FMUIK)/{DHIK) %62 %V (K)) ) *% 42 )/ (PR(K)#*4667)
QTEST=BARH(K)#(TSB(K)=TB(K) )+ e2# ((TSBIK)=TSAT(K)=10e)%#%#386)
IF (QTEST-Q(K)) 2942991

IF (LOT=LOP) 92:99.92

TSB(K)=TSB(K)=20e

GO TO 120

TSBIK)I=TSB(K)+5

LOP={_OT

GO To 12¢C o

BARH (K )=Q(K)/Z (15B(K)~-TB(K))

DTSUB=TSAT(K)=-TB(K)
QBO(K)I=Z(QeE+0CSI* (] e+e0217%#DTSUBI* (1 e+30e*
(PRESS(K)/32006) =31 ¢0* ( (PRESS(K)/3200e )%#%]633) )% (V(K)*%e333)
QB2 (K)=7000e# (SQRTF (V (K)) ) #DTSUB
QBI(K)I=(4eE+0S)IH (1 a+e02¥DTSUB IR (V(K)#%4333)

TS(K)Y=TSB(K)

CONT INVE

PUNCH 108

DO 10 IL=1,4N

PUNCH 109¢ ILs To(lL)e TS(IL)e TSATCIL)e VIIL)e PRESS(IL)
PUNCH 107

PUNCH 111

DO 35 IK=1N

PUNCH 110 IKs Q(IK)s BARH(IK)s UBO(IK)s QB2(IK)QB3(IK)
CONT INVE

END
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H C ROLAND * FILM COEFF - #30D1A ~ 60 S/IN2SEC
INPUT DATA

N FLeRATE TCOOL PRIN AIN DHIN
20 20400000 85400000 200C«C00 e575C0O 25000
RIBeSECS NOe RIBS RIB THCKNS DCOOoL
() 2000000 ¢ 02000 e« 2C0LO
SEC R1 D2 TH DX Q
1 70000 « 04874 «80000 ¢10G00 30000000
2 ¢ 60000 e 05725 «8C000 ¢10000 30000000
3 «50000 006917 «80000 ¢10000 30000000
4 ¢40000 208687 «80000 ¢ 10000 30000000
S «30000 11520 «80000 ¢10000 30000000
[ e2CCO0 016449 «8C000 10000 30000000
7 2 156C0 eld4B812 «50000 e 0S000 30000000
8 ¢12500 e 15685 «10000 e 05000 30000000
S e125C0 ¢ 12689 ¢ 10000 « 05000 30000000
10 016250 013797 014000 050000 25000000
11 e 22500 011229 «14000 «5S0000 20000000
12 028750 «C9517 014000 ¢50000 18000000
13 ¢35C00 eC8B157 «14000 «50000 16000000
14 041250 071113 014000 ¢e50000 1400000Ce
15 047500 06292 «14000 «50C00 12000000
16 e53750 e 05632 e14000 «50000 1000000Ce
17 «60C00 ¢« CECI3 ¢14000 ¢50000 8000000
18 066250 e 04645 ¢14000 50000 7000000
1S 0725C0 004268 ¢14C0O0 50000 6000000«
20 «78750 e 03946 14000 ¢«50000 6000000
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OUTPUT
N FLeRATE TCOOL PRIN AIN " DHIN
20 20600000 8500000 632+665 57500 025000
SEC T-BULK T-SURF T-SAT VEL e PRESS
1 8549 48548 40447 23169 238e6
2 8746 48764 4013 23240 2306
3 8940 48964 39843 23240 22440
4 902 49240 39569 23261 2188
5 9lel 49%e2 39441 2321 2148
6 91e7 493 ¢ t3 39267 23241 211 49
7 921 49840 39169 232e2 2103
8 9262 49767 391 46 2322 2096
9 923 49764 39143 232e2 20940
10 536C 47963 3893 23262 2050
11 9443 44840 38540 2323 196¢7
12 95.8 42462 37944 2323 186¢3
13 974 39345 372} 232 ¢4 17365
14 9962 3629 36249 2325 1583
15 1009 3313 35163 2326 14066
16 10266 3017 33647 2326 12042
17 10442 26846 31846 2327 SG7e0
18 10566 25067 29547 2328 7069
1% 10740 2350 26540 2328 419
20 1C8e4 2295 1980 2329 QeI
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ouT
SEC

COVUDNOOU &HWMN—

11
12
13
14
15
16
17
18
19
20

PUT
Q

30000000
30000000
30000000
30000000,
30000C00e
30000000
300000004
30000000
300GC000.
250000004
2000C000+s
180C0000.
160C0000.
14000000
120C0000
10000000
8000000
70C0000+
6000000
60000C0 e

H
7301548
7503544
7491447
74643 46
742427
7462049
7390543
739915
7406842
6471163
5654142
5480344
54037.8
5308942
210067
502279
4866542
4826760
4688849
4956049

QBO1
438196260
42606443
41597287
40785714
401610260
39706804
39461055
39354934
39260061 «
38658761 «
37403280
35832543
33912359

Oe
Qe
Oe
Oe
Qe
Qe
7809965

146

QBOR2
33989235
33449912
32989585
32611449,
32315738
32099183,
31982089
31932026
31887560
31606412
31014405,
30261063
29315211

Oe
Oe
Oe
Oe
Oe
Oe
99578363

QBO3
18095875
17847155
17634880
17460517
17324169
17224327 ¢
17170344
17147269
17126774
169972080
16724433
16377399
159417766

Oe
Oe
Qe
Qe
Oe
Qe
6861783



AEDC.TDR.63.58

H C ROLAND #* FILM COEFF - #30DIA = 60 B/INZSEC
INPUT DATA

N FLeRATE TCOOL PRIN AIN DHIN
20 20400000 85400000 20006000 ¢57500 25000
RIBeSECS NOe RIBS RIB THCKNS bcooL
6 20400000 ¢ 02000 «20000
SEC R1 D2 ™ OXx Q
1 «70000 ¢ 04874 «80000 «10000 30000000
2 e 60000 e 05725 «80000 «10000 30000000
3 «50000 e 06917 «800C0 «1C0O00 3000000Ce
4 e4CCLO « 08687 +«80000 ¢10000 30000000
5 «30000 e1152C «80000 ¢10000 30000000
6 e 2C000 016449 «80000 «10000 30000000
7 e 15000 014812 «50000 ¢0S000 30000000
8 e125C0 ¢ 15685 ¢10000C «05CL0 200000000
9 e125C0 010685 ¢10000 ¢05000 30000000
10 016250 013797 ¢ 14000 ¢50000 25000000
11 e22500 011329 214000 ¢50000 20000000
12 «28750 e 09517 ¢1400C ¢50000 18000000+
13 « 35000 e08157 ¢14000 +S0CCC 16000000
14 ¢412%0 007113 «14000C «¢50000 14000000
15 047500 206292 ¢14000 ¢50000 12000000«
16 «337S0 005632 ¢14000 +50000 10000000
17 «6C0CO «05093 ¢14000 «50000 8000000
18 ¢ 66250 e04645 ¢14000 «5QC00 7000000
19 ¢72500 ¢ C4268 14000 «50000 600000Ce
26 e 78750 003946 ¢14000 ¢50000 6000000
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OUTPUT
N FLeRATE TCOOL PRIN AlIN DHIN
20 20400000 8500000 632665 e575C0 25000
SEC T-BULK T=SURF T=-SAT VEL e PRESS
1 BS5e9 48568 40467 23149 23866
2 B7e6 487 ¢4 40163 23240 23066
3 8940 489 e4 39863 23240 224 40
4 90e2 49240 39569 232 2188
5 Glel 49542 39441 2321 2148
6 917 49348 3927 2321 211 9
7 G2el 49840 391 9 2322 21063
a 92e2 4977 391 46 2322 209 ¢6
9 9243 49744 39163 23242 20940
10 9340 4793 3893 2322 20560
11 943 44840 3850 23243 1967
12 958 4248462 379 ¢4 2323 1863
13 974 39345 3721 2324 1735
14 992 36249 3629 2325 1583
15 10Ce9 3313 3513 23246 14006
16 10266 30147 33647 23246 1202
17 10462 26846 31866 23247 970
18 1056 25067 2957 2328 7069
19 10760 235490 26540 2328 4149
20 1C8e4 2295 19840 23249 9e9
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SEC

PUT
Q
30000000
30000000
30000000
30000000
30000000,
30020000
300C0000e
30000000
30000000
250C0000
20000000
18000000
160C0000.
140C0000.
12000000
10000000,
8000000
7000000
6000000
60C0000

H
T50156
75035¢4
7491447
7464946
7424267
7462049
7390543
73991 65
7406842
6471143
5654162
S480344
540378
53089.2
5210047
5022749
4866542
4826740
4688869
4956049

Q801
43819626
42606443,
41597287
40785714
40161026
39706804
39461055
39354934,
392600¢1
38658761 «
37403280
35832543
33912359

Oe
Qe
O
Qo
Oe
Oe
7809965

149

QBo2
33989235
33449912
32989585
3261144Ye
32315738
32099183
3198208%
31932026
31887560
31606412
31014405,
30261063
29315211

Oe
Ce
Qe
Oe
Oe
Qe
9578363

AEDC-TDR.63.58

Q803
18095875,
17847155
17634880+
17460517
17324169
17224327
17170344
17147269
17126774
16997208
16724433,
16377399
159417766

Oe
Qe
Oe
Ooe
Oe
Ooe
6861783,
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AEDC.TDR.63.58

H C ROLAND # FILM COEFF - «30DIA - 60 B/IN2SEC
INPUT DATA

N FLeRATE TCOCOL PRIN AIN DHIN
20 20400000 8500000 31060C0 ¢57500 025000
RIBeSECS NOe RIBS RIB THCKNS Dcoou
6 2000000 ¢ 02000 ¢ 35000
SEC R1 b2 TH DX Q
1 «7C000 « 08374 «80000 « 10000 30000000
2 ¢60000 « 09771 «80000 ¢ 10000 30000000
3 «50000 el11682 +80000 « 10000 30000000
4 ¢40000 014418 «80000 «1000C 30000000+
=] «30000 18525 «80000 «1000C 30000000+
6 ¢2000C 024962 «80000 ¢ 1CCCC 300CC0CCs
7 ¢15000 e22433 ¢50C00 e 05000 3000000C.
8 ¢12500 «23187 «10000 «C500C 3000C000e
9 ¢12500 «23187 ¢10000 « 05000 30000000
10 016250 «20G38 e14000 ¢S0000 25000000
11 022500 «17798 14000 50000 20000000«
12 e28750 ¢15335 ¢14000 e S0000 18000000
13 35000 13388 «14000 «50000 16000000
14 041250 e11830 ¢14000 ¢50000 14000000
15 047500 ¢ 10568 ¢14000 ¢500C0O 120C0000¢
16 ¢S3750 203531 ¢14C00 ¢50000 10000000
17 «60000 « 08668 «14000 «50CCO 8000000«
18 066250 e 07941 ¢14000 «¢S00C0O 7000000
19 0 725C0 e07321 «140C0 «S00CC 6000000
20 «78750 «COTB7 «14000 ¢5000C 6000000
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OUTRUT

CO~NOOPWN—-M

O

N
20

FLeRATE
20400000
T-BULK
8569
876
8940
9062
91!
G1e7
921
922
923
9340
9443
958
97 e4
99 e2
1009
10246
10442
10566
10760
1CBe4

TCOOL
850C000
T-SURF
48643
4853
48445
48849
488e¢4
4B8840
4878
48T e7
487646
48140
4678
45862
4480
43762
42066
393.1
351e3
3278
298e¢7
2992

PRIN
310000
T=-SAT
36542
36462
36344
36248
3623
36149
36147
36146
36145
36049
35947
35863
35646
354 46
35262
34945
34643
342.8
2338.7
3342

151

AIN
¢57500
VEL e
13265
1325
1326
1326
1326
13246
13266
13266
13266
1327
1327
1327
13268
1328
1329
13249
133.0
13340
1330
1331

AEDC.TDR-63.58

DHIN
e25000
PRESS
1620
1605
1592
158¢2
15744
1567
156e¢4
1562
15601
155e2
153 ¢4
1512
1486
145¢5
1420
13860
1335
1284
1229
11667



E ittt
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ouT
SEC

—
ooV PLPBN—

11
12
13
14
15
16
17
18
19
20

PUT
Q

30000000
30000000
30000C0C e
3C000000.
30000000
30000CCCe.
30000CCO
30000C00s
3000000Ce
25000000
2000000C e
180000C0.
160C0C00.,
14000000
1200000C.
10000000
8000000
70000CO0
60C0C0CCe.
60C0O0CO

(]
74921 44
7542240
7584843
7524440
7551363
75711l
7581746
7586246
7590241
64441 60
53554 ¢4
4967248
4564049
4141867
3753747
3442548
3236845
3151260
3129546
3145046

Q801
27787656
27462622
27191553
269719566
26800979
2E6TS5194
CH6LH664] o
26576934
26550506
26389280
26066900
256836454
25244280
24743665
24188255
23581916

Oe
Qe
Oe
Oe

152

QBo2
22510394,
22299496
22122063
21977041 e
21864493
21782134
2173790%¢
21719244,
21702876
21603645
21406474
21175238
20907643,
20607438
20278402
19924500

Oe
Qe
Oe
Qe

QBO3
13410820
13303899
13213947
131406000
13083375
13041625
13019211
13009752
13001460,
12951186
12851301
12734180
12598662
12446666
12280115
12100904

Oe
Oe
Qe
Oe



O e Gun e LI RETIETER  SORIO A B Tl

AEDC.TDR-63.58
H C ROLAND # FILM COEFF - «30D1A - 60 B/IN2SEC
INPUT DATA
N FLeRATIZ TCOOL PRIN AIN OHIN
20 2%00000 8500000 3000000 ¢57500 ¢25000
RIBeSECS NOe RIBS RIB THCKNS DCoOL
6 2000000 +«02000 «16000
SEC R1 De ™ OX G
1 «700C0O ¢03919 «80000 ¢10000 30000000
2 «60000 e 04612 +«80000 ¢10000 30000000
3 «50000 + 05589 «80000 «1CO00 30000000
4 e4000CC 07059 «80000 «1CC0O0 300700000
5 « 30000 009461 «80000 ¢10000 30000000+
6 «200C0 ¢13814 «80000 ¢10C00 3000000Qe
7 ¢ 15000 012450 +50000 005000 300000CCe
8 ¢ 12500 ¢13320 « 10000 +050C00 30000000
9 12500 ¢13320 ¢1000LO «05000 3000C000.
10 016250 011587 « 14000 ¢50000 25000000
i1 e 22500 ¢ 09385 14000 «50000 2000000Cs
i2 e 28750 eN7811 « 14000 ¢50000 18000000
13 ¢ 350CC ¢ 06653 #14000Q «50000 16000000
14 ¢41250 ¢ 05775 «14000 ¢50000 14000000
15 «47500 ¢ 05093 « 14000 +50000 12000000«
16 «53750 e 04549 » 14000 +«50000 10000000
17 «60000 e04107 «14000 ¢50000 8000000
18 «66250 003741 ¢14000 ¢50000 7000000
19 072500 ¢03433 « 14000 «50000 6000000
20 «78B7%C «03172 e140CC «50000 600CC00C.

153



-

B

AEDC.TDR.63.58
OUTPUT
N FLeRATE TCOOL PRIN AIN DHIN
20 25400000 BS«00000 30004000 57500 025000

SEC T-BULK T=-SURF T=-SAT VEL e PRESS
i- 857 41443 6393 3624 206406
2 8740 422 ¢4 637e¢4 36245 20417
3 882 430.8 6358 3625 202209
4 891 439.6 63446 36246 20081
=) 8%.9 44847 6337 3626 199648
) 9044 463.0 63360 362.7 198847
7 906 47247 63247 362.7 1984 ¢4
8 9048 4775 63245 36247 198245
9 S0 .8 4T77e4 63244 36247 19808
10 91 ¢4 42645 631 S 3627 19701
11 G2e4 369.6 62946 362.8 194762
12 936 34742 6272 36269 191861
13 9469 31943 6243 36340 186823
14 963 29548 6208 3631 18392
15 9T7e7 2716 61666 363é2 17885
16 991 2468 6118 3633 17300
17 1003 221 3 6053 363.4 16633
18 1015 20542 60062 3634 158862
19 1026 19363 59363 363645 15045
20 103e7 19547 5857 36366 14120
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CUTPUT

SEC

VEJOMPWwNh~—

10

12
13
14
15
16
17
18
19
20

Q

300000000
30000000
30000000+
30000000
30000000
30000000
30C0000C
30000000«
30000000
25000000
20000000
18000007«
16000000
14000000
12000C00e.
10000000

8000000+

7000000

6000000

600000C.

H
9130447
894629
875533
8559443
83603.8
80504 ¢4
785291
775668
7761266
7460248
721537
7097360
7131445
7019849
69015¢4
6T7696¢4
6611343
6750744
66131 ¢4
6519640

GBO1

155

Oe

Qe
Oe
Qe
Qe
Oe
Oe
Oe
Qe

Qe
Ooe

Qe
[e)
Oe
Oe
Ooe
Qe

aBo2

Oe
Oe
Qe
Oe
Oe
Oe
Oe
Oe
Oe
Qe
Oe
Oe
Oe
Oe
Ooe
Qe
Oe
Oe
Oe
Ooe

AEDC.TDR-63.58

QBO3

Qe
Qe
Ooe
Ooe
Oe
Qe
Oe
Qe
Qe
Qe
Qe
Oe
Qe

Qe
Oe
Oe
Qe
Oe
Qe
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